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Abstract 
 
This research has studied the optimisation of activated carbon production from waste hazelnut 
shells, using both conventional and microwave heating techniques. A comparative study was 
conducted on the results obtained from both production methods to provide information on the 
characteristics, advantages and disadvantages of each production technique from a physical and 
chemical perspective.  
The study of the conventional production method was carried out using a comprehensive two-
stage Response Surface Methodology (RSM). The microwave production method was studied 
using a combination of RSM and the traditional single-factor-at-a-time experimental design. 
The comparison of the two production methods showed that at a similar degrees of carbon burn-
off, much lower pore volume and internal surface area was achieved for the microwave 
produced samples. The highest BET surface area produced with the conventional production 
method was 1777 m2/g, obtained from the activation of carbonised char with 0.67 ml/min water 
for 4 hours at 900°C. This value was nearly 2.5 times larger than the maximum BET surface 
area achieved from the microwave production method (715 m2/g) (50 min at 1000W). Similar 
results were also obtained for the aqueous phase adsorption of phenol and methylene blue; 2.2x 
and 2.3x larger adsorption capacity for thermal sample, respectively.  
In general, the microwave production method was found to be less effective in the production of 
highly microporous carbon. While the rate of micropore development with carbon burn-off in 
microwave heating was much lower than the conventional method, mesopore volume was 
found to be close and even comparable with that achieved with the conventional method. 
Considering that the microwave heating resulted in lower energy consumption per unit carbon 
burn-off, this heating system can be energy efficient in the production of mesoporous 
adsorbents. The energy efficiency could be of great importance when a two step carbonisation-
activation is to be employed, since it could considerably reduce the heating time to the final 
activation temperature.    
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1. Chapter 1 
Introduction and Literature Review 
1.1 Introduction 
Activated carbon is a generic term used for any carbonaceous material subjected to controlled 
thermal treatments, in order to increase the level of porosity. Owing to its high internal surface 
area and pore volume, activated carbon is a powerful adsorbent. The properties of activated 
carbon were recognised by the Egyptians around 1500 B.C. who used wood char for medical 
purposes and water treatment. However, commercial activated carbon was first produced in 
about 1900 for use in the sugar refining industry (Bansal and Goyal, 2005). Today activated 
carbon has become a commodity chemical of significant importance to many sectors of 
industry. For instance, it is widely used in separation/purification of liquid and gases and 
recovery of solvents, as well as new applications such as a catalyst support (Fuente et al., 
2001), super-capacitors (Gamby et al., 2001), batteries and electrodes (Osaka et al., 1999).  
Activated carbon can be produced by either a two-step process of carbonisation followed by 
physical activation, or a single step carbonisation and chemical activation. Carbonisation refers 
to the stage at which organic substances convert to carbon containing residues (char) through a 
thermal process, in absence of oxygen. In the case of physical activation, carbonisation is 
followed by gasification of char with oxidising agents such as steam and CO2. Chemicals such 
as ZnCl2 and KOH can be used for chemical activation, often simultaneously with 
carbonisation. The result of activation of char is a better developed porous structure with 
significantly higher surface area in comparison with untreated char. 
Almost any organic material with high carbon content can be used to produce activated carbon. 
Low inorganic matter content, low cost, availability, low degradation in case of storage and 
ease of activation are general characteristics of a good precursor for the production of activated 
carbon (Rodriguez-Reinoso, 1997). Historically, activated carbon has been made from wood, 
coal and animal origin materials such as bones (Cecen and Aktas, 2011). Today one of the most 
important challenges in the commercial production of activated carbon is to identify renewable 
precursors with potential for satisfying both economic and environmental targets, as well as 
producing a high-grade product. In this regards, many agricultural by-products have been 
investigated to date for the production of activated carbon. Coconut shells (Gratuito et al., 2008, 
Laine and Yunes, 1992), sawdust (Malik, 2004), rice husk (Yalçin and Sevinç, 2000), 
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macadamia nutshell (Ahmadpour and Do, 1997), cherry stones (Lussier et al., 1994), date stone 
(Haimour and Emeish, 2006) , plum kernels (Wu et al., 1999), olive waste (Molina-Sabio et al., 
1996), to name but a few other carbonaceous materials are examples of this type. Coconut 
shells are now one of the major commercial feedstock for making activated carbon.  
Hazelnut is an important agricultural product in the food industry. Nearly one million tonnes of 
hazelnuts are produced and subjected to world trade each year. As a result, an enormous 
amount of hazelnut shells are produced every year after processing hazelnut in the food 
industries, such as chocolate factories and confectionery. This waste is generally incinerated or 
crushed and used as mulch or other low-value products.  
However, hazelnut shells can be considered as a good feedstock for production of valuable 
products as well as a source of energy. Conversion of hazelnut shells to activated carbon is one 
of the successful waste management remedies in order to produce a product with possible 
added value, which can cover waste managing costs. In addition, the possibility of bio-energy 
production is a great potential as the pyrolytic oil generated through carbonisation of shells can 
help for almost one third of the required initial energy input (Schroder et al., 2007). 
The unique adsorptive properties of activated carbons depend on its porosity, often expressed in 
terms of developed internal surface area and pore distribution pattern. Activated carbon 
porosity is mainly controlled by its versatile production process, which is dramatically affected 
by parameters such as activation temperature, residence time, and the rate of reaction by the 
activation agent. In addition to these production parameters, the heating technique is also 
industrially of high importance given that the energy requirements for manufacturing activated 
carbon are a significant component of the overall production costs. The application of more 
efficient heating methods could offer major benefits to manufacturers and users through the 
reduction of process costs as well as enhancing the quality of the product.  
In this regard, the conventional heating methods, having been used for many years, exhibit 
limitations and drawbacks such as a long heating time and excessive heat loss during the 
process. Microwave heating, on the other hand, is claimed to benefit from a precise and fast 
heating mechanism, being cost effective and environmentally friendly due to less heating 
emissions (Clark and Sutton, 1996).  
Thus, this work was initiated with the aim of undertaking a comprehensive study of the effects 
of production conditions on the textural properties of activated carbon produced from hazelnut 
shells. The unique component of this research is to investigate and optimise the production 
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process in a comparative experimental study using both conventional and microwave heating 
techniques. 
The most fundamental aspect of lab-based research is to have an appropriate plan for 
experiments. It is essential to design the experiments in order to produce right type of data, in 
the most efficient and effective way. Numerous researchers have been reported on the 
production conditions of activated carbon. In most of these publications and studies, the 
traditional systematic approach of varying “one-factor-at-a-time” method has been used. In 
these studies the process response is assumed to be a direct function of a single variable 
parameter. In addition to the fact that the interactive influence of different parameters is 
ignored, these types of experimental design are also time consuming to undertake and could be 
considered to be less efficient. Therefore, in this work an empirical statistical technique, 
Response Surface Methodology (RSM), is used to perform a multiple regression analysis and 
optimisation of data from properly designed experiments. Unlike the traditional method, the 
statistical experimental design and optimisation methods allow for investigation of interactions 
between factors.  
Some earlier studies have applied RSM in optimisation of activated carbon production using 
precursors such as palm shell (Sumathi et al., 2009), Turkish lignite (Karacan et al., 2007) and 
coconut shells (Tan et al., 2008a) and (2008b) . However, no study has been reported on 
optimisation of physically activated carbon produced from hazelnut shells and specifically 
using microwave heating. 
The overall outcome of the work presented within this thesis was achieved in two phases. Phase 
I of the study was dedicated to use of Response Surface Methodology to investigate the effect 
of variable process parameters on the properties of activated carbon made from hazelnut shells 
by steam activation, using a conventional electrical heating furnace. At this stage the textural 
properties of the product was modelled and optimised as a function of process parameters by 
utilizing mathematical and statistical tools. The results from the optimisation were validated 
successfully by experiment.  
Microwave heating technique was used in Phase II, where properties of activated carbon from 
hazelnut shells were investigated against variations in parameters such as microwave power, 
irradiation time and the rate of activating agent. It is known that the use of new heating 
techniques and replacement of the old conventional systems with more efficient alternatives 
requires accurate understanding of both systems, which is only viable through comparative 
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studies. Thus, through this study the product from both heating systems were compared and 
benefits and drawbacks of each system were investigated.     
1.2 Global Warming, Legislation and Management  
Life on earth has been viable due to its surrounding atmosphere; it provides vital gases such as 
oxygen, blocks some of the harmful sun rays from reaching earth and keeps a part of the heat to 
maintain a liveable temperature on earth. However, human activities has been affecting the 
surrounding environment since man started to use natural resources for their survival and later 
for urbanization and industrialization of their societies. The pollution following these activities 
was inevitable, and ignored for many years. Air and water pollution for instance, was generally 
underestimated due to the general idea of “dilute and disperse” of atmosphere and aquatic 
media.  
For example in the UK, although there were concerns about the air pollution from the use of 
coal since 16611, no serious attention was given to air pollution until early 1800. In 1819 a 
Select Committee was appointed to consider the problem of smoke from steam engines and 
furnaces in London. Later in 1953 and 1956, the Smoke Nuisance Abatement Act empowered 
police for the first time to take serious action against furnaces raising steam, factories, public 
baths, wash houses and steam vessels on the River Thames (Pearson and Fouquet, 2007). More 
regulations were set out in 1863 under the British Alkali Act to inspect and control the gaseous 
hydrochloric acid into air from the Leblanc2 alkali works (Murley, 1993). However, 1952 could 
be considered a milestone in the regulations set out for air pollution; this was the year when an 
anticyclone settled over London, lasted for 5 days and resulted in 80% higher mortality rate 
comparing to the same month previous year (Bell et al., 2004)3. Consequently, the first Clean 
Air Act in the UK was introduced in1956 which was more concerned with the smoke and 
consequently sulphur dioxide control. Greenhouse gas emissions were regulated years later by 
the United Nation Framework Convention on Climate Change in the Kyoto Protocol 1997, yet 
                                                      
 
!"When John Evelyn published a tract “Fumifugium or The Smoake of London Dissipated” suggesting 
practical scemes to improve the air above London (Murley, 1993).  
2 An early industrial process for the production of sodium carbonate (or Soda Ash). 
3 The increase in the rate of mortality in December and November 1952 and January 1953 was first 
attributed to influenza by the government, later re-investigated and revised to be partly due to the Big 
Smoke London 1952.""
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not effective until 2005. In the next section, the greenhouse effects definition, background and 
legislation will be discussed.       
1.2.1 Greenhouse gases effect and global warming   
The atmosphere contains trace gases such as carbon dioxide, water vapour, methane and ozone, 
some of which can absorb heat. These gases, referred to as greenhouse gases (GHG), are 
perfectly balanced and vital for life on Earth. In fact, the earth surface temperature is controlled 
by the amount of heat absorbed through GHGs before reflection to space. Therefore, any 
changes in the concentration of these gasses can dramatically affect the planets conditions; 
most important of all is the temperature of its surface. The “Greenhouse effect” refers to the 
phenomenon occurring as a consequent of variation of the GHG concentration in atmosphere 
(U.S. Glossary of Climate Chage). 
 The Greenhouse effect was first discovered by Joseph Fourier in 1824 and later investigated by 
Svante Arrhenius in (1896). Arrhenius published an article in Philosophical Magazine and 
Journal of Science, in which the relation between carbon dioxide and water vapour and the 
surface temperature of Earth was investigated for the first time.  In this paper he predicted that 
by doubling the carbon dioxide concentration the Earth surface temperature would increase 
5°C.  
Among all GHGs, global warming is mainly attributed to three anthropogenic gases: carbon 
dioxide, methane and nitrous oxide. The strength of greenhouse gases in atmosphere in time 
horizon can be assessed by an index of Global Warming Potential (GWP), which indicates the 
influence of greenhouse gases on the natural greenhouse effect including the length of time that 
gases remain in the atmosphere before being removed or broken down. For most gases, GWP 
declined in time horizon due to natural removal mechanism. However, some greenhouse gasses 
such as methane (CH4) have a long atmospheric lifetime (GWP 3.7 times that of carbon 
dioxide) resulting in extended effects over many more years and causing more consistent 
problems (Lashof and Ahuja, 1990).  
The adverse effects of disturbing the equilibrium energy balance on earth by any change in the 
concentration of these GHGs have undesirably increased through the few last decades as a 
result of human activities. For example, the annual emission of carbon dioxide increased by 
80% between 1970 and 2004 (IPCC, 2007). Today, warming of the climate system is evidenced 
with a global temperature increase, rising sea level, and decrease in snow and ice extent in the 
polar caps. The Intergovernmental Panel on Climate Change (IPCC) fourth assessment in 2007 
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reported that the linear trend of temperature increase from 1906-2005 is 0.74±0.18 °C which 
has increased by 23.3 % comparing to its 100-year trend in 2001 (1901-2000) (IPCC, 2007).  
In order to regulate and limit the GHG emissions, in 1997 the Kyoto Protocol committed 37 
industrialized countries and the European Community to reduce their GHG emission to an 
average of 5.2% against the 1990 level over the five year period 2008-2012. Later in the UK, 
the Climate Change Act 2008 introduced a long-term legislative framework to reduce by 34% 
the GHGs emissions by 2020 and 80% by 2050 (IPCC, 2007).   
The targets set out through these agreements are attainable by identifying the source of 
emission and effort to reduce or eliminate them. The industry sector is one the highest energy 
using sectors and is responsible for 40% of the total global GHG emissions (IEA, 2010). As a 
result, focusing targets on industrial energy efficiency and fuel consumption can significantly 
contribute to the realization of environmental regulation. This can be achieved by following key 
actions: 
- Maximising energy efficiency by adapting more efficient industrial techniques (e.g. 
alternative heating systems) 
- Shifting from fossil fuels to low carbon energy sources, 
- Increasing the use of recycled materials  
Heating processes in the industry sector include that of high and low temperature processes, is a 
field which requires high awareness and research to achieve emission reduction. Novel 
equipment design or process routes can result in significant step-change reduction in energy 
consumption and consequently reducing emissions. 
1.3   Waste management to control GHG emissions   
Waste is the unavoidable, undesirable part of every industrial process and the by-product of 
economic activity. Disposing waste to landfills is costly, takes up large amount of land, and can 
cause soil, water and air pollution. Furthermore, the anaerobic decomposition of organic waste 
accounts for a significant proportion of greenhouse gas emissions, such as methane. 
Alternatively, the use of waste material as renewable resources and taking economical 
advantage of unwanted material that eventually are destined to be buried in landfills is the key 
for a sustainable development and a way to put waste back to the economic cycle.  
Looking back at the waste management history, the first regulations can been traced back to the 
fourteenth century, when Britain’s first waste legislation, an “Act of Richard II: removal of 
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refuse on pain of forfeit” was approved in 1388 (Hawkins and Shaw, 2004). However, today 
legislation has evolved from its simplistic initial form of directly protecting human health to a 
complex three-pillar structure concerning the economy, society and the environment. In this 
regard, the strategies set out by the UK Department of Environment, Food and Rural Affairs 
(DEFRA) concerning waste management is generally aimed to achieve sustainable 
development by utilising management tools and policy making towards zero waste systems and 
society. Accordingly, waste management strategies are ranked into a hierarchy that indicates 
the level of priority in order to deliver best environmental outcome. The waste management 
hierarchy is divided in to five categories, as described below (Directive 2008/98/EC, Article 4).  
- Reduction: reduction of waste quantity, or its adverse impacts on humans and the 
environment. This includes re-using materials such as returnable bottles and extension 
of the life-time of products.  
- Preparing for Re-use: any process by which products or components are used again for 
their original purpose.  
- Recycling: a resource recovery method, which involves collection and treatment of 
waste material for using as raw material for manufacturing of the same or another 
product.   
- Recovery, e.g. energy recovery: any operations in which original materials can be 
replaced by waste, such as combustion that can be used to produce energy from waste 
instead of fossil fuels. 
- Disposal: any other option which does not lead to recovery such as burying wastes in 
landfills. 
Biomass is defined as material of recent biological origin, derived from plant or animal matter 
and is a considerable part of the UK waste stream (The UK Renewable Energy Strategy, 2009). 
With regard to the sustainable waste management policies, waste biomass has attracted 
significant attention because: (i) it decomposes under an oxygen free atmosphere and releases 
greenhouse gases such as CO2 and CH4 and (ii) can be a versatile source of energy (bio-energy). 
Therefore efficient waste management in this regard not only contributes to the control of 
greenhouse gas effects, but also makes use of abandoned sources of energy and material 
recovery.  
The hierarchy of waste management is firstly focused on reducing the production of waste. 
With reference to many waste biomasses from the food industry, including hazelnut shells, this 
is not an option due to the high market demand for such agricultural products. However, these 
biomasses can be efficiently used for energy generation. In accordance with the waste 
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management hierarchy, this option must be used only when waste cannot be prevented, 
recycled or re-used, all making waste biomass a suitable choice as a renewable energy source. 
Hence, waste-to-energy conversion techniques have become one of the most favourable and 
successful management tools for biomass waste, which are briefly discussed in the next section.  
1.3.1 Energy from Waste Techniques   
Traditionally, Energy from Waste (EfW) techniques involved direct combustion of waste to 
produce electricity and heat. Incineration results in a reduction of the waste volume to 
approximately 30-50 % of the original waste mass if compacted (Thompson and Anthony, 
2008), yet it is concerned with complications regarding the degree of sophistication needed to 
operate safely and economically, as well as concerns over air pollution specially in case of 
small scale incinerators (The UK Renewable Energy Strategy. 2009).  
Nevertheless, today a new generation of advanced and efficient processes are emerging in the 
field of waste to energy conversion which are applicable to a wider range of wastes including 
biomass. The application of advanced EfW technologies could result in the production of 
biogas (methane and CO2), syngas (hydrogen and CO) and liquid bio fuels such as ethanol and 
biodiesels. The general process of EfW conversion is now categorized into three main 
technologies: bio-chemical, thermo-chemical and mechanical bio-fuel extraction techniques, 
the latter being the least feasible (Demirba! et al., 2011, McKendry, 2002).  
Bio-chemical techniques encompass anaerobic digestion and fermentation of organic materials. 
Fermentation is the process of producing ethanol from waste with organic sugar. The solid 
residue produced from fermentation can be used as cattle-feed or directly as a fuel in boilers. 
Anaerobic digestion is a commercially proven technology mainly used to produce biogas. The 
biogas from anaerobic digestion can be burnt directly or purified from the carbon dioxide to a 
higher quality and injected into the natural gas grid (McKendry, 2002).  
Thermochemical conversion techniques comprise combustion, pyrolysis, gasification and 
liquefaction4. Among these four, gasification and pyrolysis are sometimes called Advanced 
Thermal Treatment (ATT) technologies, which are those relying on carbon-based materials 
such as organic wastes and petroleum-based waste (DEFRA, 2007). Pyrolysis is the process of 
                                                      
 
#" Conversion of biomass into stable liquid hydrocarbon using low temperature and high pressure 
hydrogen (McKendry, 2002)"""
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heating materials at a temperature ranged between 300 to 850 °C in absence of oxygen; the 
result of this process a solid residue called char and synthesis gas (syngas). The condensable 
part of the synthesis gas can be collected and used as liquid bio-fuel with heating values of 
almost half that of conventional fuel oil, or can be used in production of a range of materials 
and commodity chemicals (Bridgwater et al., 1999). Depending on the purpose of the process, 
pyrolysis conditions can be optimised to produce char, bio-oil, fuel gas, methanol etc with 95.5 
% fuel to feed conversion efficiency (Figure 1-1). 
Among thermochemical conversion techniques, the high energy value products from pyrolysis 
make it one of the most favourable conversion processes in the case of biomass. Moreover, 
much higher degrees of carbon sequestration is achieved by conversion of biomass to bio-char 
through pyrolysis (50%), when compared to conventional techniques of burning (3%) and 
biological decomposition (<10-20%) (Lehmann et al., 2006).       
 
Figure 1-1 fractionation of biomass pyrolysis products (Balat et al., 2009) 
Gasification can be regarded to sit between pyrolysis and incineration; the process involves the 
conversion of carbonaceous materials into permanent, non condensable gas by partial 
oxidisation (with little or no oxygen) at elevated temperatures (Bridgwater et al., 2002). The 
product of this process is mainly syngas including H2, CO and CO2. Gasification is highly 
exothermic, implying that compared to pyrolysis, less total heat is required to initiate and 
maintain the process. Similar to pyrolysis, the products of this process are char and syngas but 
with lower energetic values (DEFRA, 2007).    
Considerations over fossil fuel usage and its contribution to the greenhouse effect from one side  
and the realization of global waste management strategies on the other side have caused the 
renewable energy generation from ATT technologies to attract worldwide attention, especially 
in case of biomass waste. Bearing in mind that most of these technologies involve high 
temperature processes, question might be raised regarding the emissions produced or even the 
emissions from consumption of bio-fuels comparing to the fossil fuels. Nevertheless, the 
Biomass Pyrolysis Products
char Bio-oil HHV Fuel Gas LHV Fuel Gas
Slurry Fuel
Active Carbon
Chemicals Electricity Ammonia Electricity
Methanol Hydrocarbons Ammonia Electricity
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techniques are still considered as carbon sequestration methods, simply by capturing and 
consolidating carbon in the form of char.  
Moreover the CO2 emissions through utilisation of biomass in the form of char, bio-oil or even 
direct combustion, equals the CO2 fixed through photosynthesis during the plant’s lifetime, 
making biomass a carbon neutral source of energy and suitable feedstock to be used in ATT 
techniques (Saidur et al., 2011, Strezov et al., 2007). With refer to Figure 1-1, the next section 
is focused on the production of activated carbon as a sub-branch product of biomass pyrolysis. 
In addition, the type of feedstock and the final product applications will be discussed 
subsequently.        
1.4 Activated carbon  
Activated carbon has been applied by man for over two thousand years. The reason of its 
application through history is attributable to its unique and versatile properties, which are 
relatively easy to achieve. Activated carbon has been produced by various conventional 
methods, all utilising the same basic procedure. However, the principals of its commercial 
production were introduced for the first time in 1900-1901 by Ostrejko through his two patents 
(Usmani et al., 2000). Today, activated carbon producers mainly employ the same principles, 
achieved in a two-step process of Carbonisation and Activation. In the following three sections 
the production process and some important starting materials used in industry and literature will 
be considered.    
1.4.1 Carbonisation   
Carbonisation refers to the process by which carbon-rich material is converted into a carbon 
char through heating at high temperatures (up to 800°C) in the absence of oxygen. The term 
carbonisation has been used historically to describe a form of slow pyrolysis with the aim of 
producing char as the main end product, whereas pyrolysis generally applies higher heating 
rates to produce pyrolytic liquids and gases rather than char. Through carbonisation, syn-gas 
and bio-liquids are also formed besides the main solid product and have been suggested as a 
means of maintaining the thermal process (Strezov et al., 2007).     
During carbonisation almost all non-carbon elements including oxygen, hydrogen, nitrogen and 
sulphur are eliminated in the form of volatiles, leaving the elemental carbon as a solid residue 
with a proto-graphitic structure, called elementary crystallites. A typical lignocellulosic 
material has the chemical composition of 48 wt% carbon, 6 wt% hydrogen and 45 wt% oxygen.  
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The degree of conversion to char varies as a function of the amount of carbon being removed 
with O and H in the form of carbon oxides and hydrocarbons (Marsh and Rodriguez-Reinoso, 
2006). The char yield from biomass has been thermochemically determined to be around 27% 
for carbonisation of cellulose at 400°C, which is assumed to be the char yield limit. This is 
because char yields from other biomass are not just pure cellulose so must approach this value 
starting from a lower carbon position (Antal and Gronli, 2003). 
Despite the complicated mechanism of carbonisation, it can be simplified into three consecutive 
steps. The initial step is related to the loss of moisture and some light volatiles. The primary 
formation of char takes place in the second step during which liquid fraction evolution occurs at 
its highest rate. In the carbonisation of biomass, this step is basically related to the 
decomposition of cellulosic compounds accompanied by the formation of carbon oxides at the 
highest rate.  
Following the primary devolatization, secondary carbonisation takes place in the third step at 
higher temperatures (400-700°C). This step involves cracking, polymerisation, and 
recondensation of liquid fraction and slow condensation of the char structure to form a carbon 
rich solid residue. Complex hydrocarbons are predominantly detected at temperatures below 
600°C, which are the main product of secondary cracking of liquid compounds, while the 
dominant reaction over 600°C is the condensation of carbon char with evolution of hydrogen 
and CO (Wigmans, 1989, Demirba!, 2004, Strezov et al., 2007). 
The final product of carbonisation is a structure of randomly cross-linked flat aromatic sheets 
which forms the porous structure, further described in Section 1.5.1. However, the pore 
structure at this stage is not yet highly developed, as normally it is partly filled with tarry 
materials, the product of secondary reactions and the disorganised aromatic sheets. Therefore 
the char produced at this stage has generally a low adsorptive capacity (Wigmans, 1989). Thus 
a further Activation stage is usually required to improve the porosity of activated carbons.   
1.4.2 Activation 
The activation process is important to enhance the porous structure of the charred material. The 
properties of the activated carbon are to a great extent related to the activation method, as well 
as the characteristics of raw materials. A well developed porous structure can be produced 
through appropriate activation; as an example, SEM (Scanning Electron Microscopy) images of 
carbonised and activated char from coconut shells from an optimisation study by (Tan et al., 
2008a) are shown in Figure 1-2.  
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(a) (b) 
 
Figure 1-2 SEM mages of a) Carbonised Coconut shells b) Activated carbon from Coconut shells 
 (Tan et al., 2008a) 
Activation reaction starts with removing the disorganised carbon produced during carbonisation 
and opening of the blocked pores. The process continues with the exposure of aromatic sheets 
to the activating agent and further enhancement of the porous structure. This would initially 
result in the formation of micropores, followed by widening of existing pores and creation of 
large size pores by burning away the walls between the adjacent pores. The extent to which 
carbon is burnt off at this stage is indicative of activation degree (Bansal et al., 1988).  
The activation methods most commonly employed and also patented by Ostrejko 1900 are 
divided into two categories: physical and chemical activation. In case of chemical activation, 
raw material is impregnated by a chemical agent. The chemical agent is normally either an acid, 
a strong base or salts such as phosphoric acid, potassium hydroxide, sodium hydroxide, and 
zinc chloride. The impregnated raw material is carbonized in temperatures between 400˚C to 
600˚C in absence of air, where both carbonization and activation take place simultaneously in a 
single step process (Bansal et al., 1988). The temperature of chemical activation is lower than 
that required for physical activation; moreover the development of porous structure is believed 
to be better in case of chemical activation (Bansal et al., 1988).  
Compared to the chemical activation, physical activation is carried out at higher temperatures 
(800˚C to 1100˚C) in the presence of oxidising gases such as steam, CO2, and O2. The dominant 
reactions taking place during activation with steam and carbon dioxide are described as 
simultaneous reactions between gas-carbon and water-gas, as expressed below (Wigmans, 
1989).  
C(s) + H2O (g) " CO (g) + H2 (g) - 117 kcal                                   (steam activation, water-carbon phase)  
C(s) + CO2 (g) " 2CO (g) – 159 kcal                                (carbon dioxide activation, water-carbon phase)    
CO (g) + H2O (g) !  CO2 (g) + H2 (g)                                                    (water-gas equilibrium at >800$C) 
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Both steam and carbon dioxide activation are endothermic reactions, with carbon-steam 
showing lower reaction enthalpy. This implies that higher activation temperature is required in 
case of carbon dioxide activation of char. During the activation step, the reaction of carbon with 
steam and carbon dioxide is inhibited by the gaseous reaction products; CO (in CO2 activation) 
and hydrogen (in steam activation), due to adsorption by the active sites of the carbon surface. 
However, the inhibiting effect of hydrogen and CO is not necessarily unfavourable, as it 
prevents the fast oxidation of carbon and results in a controlled formation of porous structure 
(Bansal et al., 1988, Marsh and Rodriguez-Reinoso, 2006).  
Both activating agents (H2O and CO2) are widely used, though the product of each reaction has 
specific properties due to the differences in the nature of reactants. These differences are firstly 
caused by the larger dimension of the CO2 molecule comparing to H2O (Figure 1-3), which 
results in its slower diffusion into porous structure, restricted accessibility to micropores and 
consequently a slower reaction rate (Wigmans, 1989, Thrower et al., 1982).  
 
 
 
(a)                                                                  (b) 
 
Figure 1-3 The molecule of (a) Carbon dioxide and (b) Water 
Apart from the chemical and physical activation, the combination of these two methods has 
also been investigated in the literature. Some researchers have studied the effect of combined or 
consecutive physical and chemical activation and reported enhanced results (Rodriguez-
Reinoso et al., 1982, Caturla et al., 1991, Ansari and Omidvari, 2005, Tan et al., 2007). In 
general, chemical activation is sometimes favourable due to the lower activation temperature 
and time, and well developed porosity, yet it involves complicated recovery and recycling of 
activating agent, which generates liquid discharge and eventually requires effluent treatment 
(Yang et al., 2010a). Therefore, physical activation remains a favoured method by industry due 
to its simplicity and eliminating the need for chemicals.     
1.4.3 Activated carbon applications  
The unique adsorptive properties of activated carbon have made it an important commodity in 
many industries for purification and separation purposes. Removal of colour, odour, taste and 
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undesirable organic impurities from water has been one of the most common liquid phase 
applications for activated carbons. Moreover, they have been applied in purification of air, as 
well as other gases such as hydrogen, carbon dioxide, natural and landfill gas. Solvent recovery, 
food processing, gold and silver recovery and application as a catalyst and catalyst support can 
be named as other applications (Bansal et al., 1988, EuroCarb, 2011). In general, the primary 
applications of activated carbon can be categorized into two groups of gas and liquid phase 
adsorption, of which some examples are presented in Table 1-1.       
   Table 1-1 Application of Activated Carbons (Bansal et al., 1988, EuroCarb, 2011) 
 
Liquid Phase  
Municipal water treatment: Taste and odour removal - micropollutant removal (e.g. pesticides, THMs). 
Domestic water treatment: Jug filters, in-line filters, cartridge filters, coffee makers. 
Process water treatment: Hydrocarbon removal from condensate, trace organics removal  
Waste water and ground water treatment: Trace organics removal. 
Food industry: Fusel oil removal from beverages, removal of undesirable flavours and improve colour, 
decaffeination of coffee beans.  
Sugar, oil and fat refining: To improve colour, higher rates of crystallization (sugar industry).   
Medicine: removal of bacterial toxins, treating gastritis and poisoning caused by mushrooms, food, 
phenols and phosphorus.  
Gold and silver recovery. 
Gas Phase  
Gas purification: Hydrogen, natural gas, carbon dioxide, landfill gas. 
Air treatment: Decolourisation, vapour removal (e.g. vent filters, anesthetics, compressed air) - solvent 
recovery - ductless fume cupboards, war gas protection filters, industrial and military respirators, 
incinerator flue gas, cooker hoods, deep fryers.  
Miscellaneous  
Nonwoven fabric (e.g. NBC suiting), impregnated fibre, foam and paper, cigarette filters, catalysts and 
catalyst support, radioactive vapour containment and delay beds, land remediation 
1.4.4 Raw Material  
Activated carbon has an immense worldwide market of about 1,000,000 tonnes per year 
(Roskil, 1994). However, the product itself is not significantly high-value (1-20£ per kg) and 
thus the activated carbon industry generally relies on the profit it makes through cheap and 
stable abundant supplies of raw materials. Preferably, the raw material should be from a nearby 
source to reduce the cost of transportation and not require cyclic cropping procedure (Marsh 
and Rodriguez-Reinoso, 2006).  
Cellulosic and lignocellulosic waste available in large quantities, especially from agricultural 
operations such as fruit stones and various nutshells, have the potential to be used as low cost 
parent materials. The production of activated carbon from biodegradable waste would be 
beneficial as it reduces the demand on non-renewable activated carbon feedstock such as coal, 
and helps combat global warming by converting (stabilising) the biodegradable waste material 
into solid carbon char.  
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Numerous studies can be found in literature reporting results on activated carbon production 
from biomass (cellulosic and lignocellulosic waste). The application of sawdust (Malik, 2004, 
Srinivasakannan and Zailani Abu Bakar, 2004), olive waste (Baçaoui et al., 2001), coir pith 
(Namasivayam and Kavitha, 2002), sugar cane bagasse (Girgis et al., 1994, Mohan and Singh, 
2002), rice husk (Yalçin and Sevinç, 2000), cherry stones (Lussier et al., 1994), date stone 
(Haimour and Emeish, 2006), apricot stone (Kobya et al., 2005), Plum kernels (Tseng, 2007), 
macadamia nutshell (Ahmadpour and Do, 1997), euphorbia rigida (Gerçel et al., 2007) and 
many other similar carbonaceous materials are a few examples of these studies.  
It should be also mentioned that in addition to the cellulosic and lignocellulosic supplies, 
carbonaceous materials from other sources have been also successfully used in production of 
activated carbons, including sewage sludge (Pulket et al., 2009), tyre rubbers (San Miguel et al., 
2003), and even contaminated soil (Fowler, 1996). However, these studies were generally 
concerned with finding a solution for a problematic waste rather than providing suitable, low 
cost raw material for the production of activated carbon. 
The nature of organic precursors used as feedstock, in addition to the production conditions, has 
important impact on char formation and type of porosity. The textural properties of raw 
material can generally be tracked in the final product, being influential in the particle shapes, 
density and type of porous structure. In Figure 1-4 the Scanning Electron Microscopic (SEM) 
image of a group of activated carbons from different raw materials have been gathered from 
literature. Further, the differences between material composition and textural properties of 
activated carbon from some different raw materials are presented in Table 1-2. 
 
   
                            (a)                                                            (b)                                                       (c) 
Figure 1-4 SEM images of activated carbons from various raw materials (a) Waste tea; chemical activation 
with H3pO4 at 350°C for 72h (Yagmur et al., 2008), (b) Flax fibre; steam activation at 800°C (Williams and 
Reed, 2006), (c) Soy bean oil cake; chemical activation with K2CO3 at 800°C (Tay et al., 2009) 
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                             (d)                                                           (e)                                                         (f) 
 
                             (g)                                                           (h)                                                          (i) 
Figure 1-4 (continue) (d) Apricot stone; chemical activation with H2SO4 at 200°C for 24h  (Kobya et al., 2005), (e) 
Oil palm fibre; chemi/physical activation with KOH and CO2 at 850°C for 2h (Tan et al., 2007), (f) Cherry stones 
(Lussier et al., 1994), (g) Olive pit and (h) Walnut shell; chemical activation with KOH, at 900°C for 1h (Martínez et 
al., 2006), (i) Oil palm stone: chemical activation with CuO, microwave heated at 750W for 10 min (Guo and Lua, 
2000) 
Table 1-2 Activated carbon from different organic precursors 
 (Dabrowski et al., 2005, Streat et al., 1995) 
 
Hazelnut shells containing approximately 50% carbon have been successfully converted to 
activated carbon in several studies and are reported to be a good parent material to produce high 
quality carbon (Demirbas et al., 2002, Ansari and Omidvari, 2005, #ayan, 2006, Aygün et al., 
2003, Heschel and Klose, 1995). However, to ensure that hazelnut shells are economically 
suitable raw material for the production of activated carbon, the rate of its production and its 
current applications have been investigated and summarized in the next section.    
1.4.5 Hazelnut shell production rate and applications  
Hazelnut is an important agricultural product in the food industry. Nearly one million tonnes of 
hazelnuts are produced and subjected to world trade each year. From a nutritional prospective, 
Raw material Carbon(mass %)
Volatiles
(mass %)
Density 
(cm3 g!1)
Ash
(mass %) Texture of activated carbon
Soft wood 40–45 55–60 0.4–0.5 0.3–1.1 Soft, large pore volume
Hard wood 40–42 55–60 0.55–0.8 0.3–1.2 Soft, large pore volume
Lignin 35–40 58–60 0.3–0.4 – Soft, large pore volume
Nutshells 40–45 55–60 1.40 – Hard, large micropore volume
Lignite 55–70 25–40 1.0–1.35 5–6 Hard, small pore volume
Soft coal 65–80 20–30 1.25–1.5 2–12 Medium hard, medium pore volume
Petroleum coke 70–85 15–20 1.35 0.5–0.7 Medium hard, medium pore volume
Semi-hard coal 70–75 10–15 1.45 5–15 Hard, large pore volume
Hard coal 85–95 5–15 1.5–1.8 2–15 Hard, large pore volume
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hazelnut is known as a rich source of energy, protein, essential fatty acids, vitamins and 
minerals (Self Nutrition Data, 2012). The top four hazelnut producers in the world are Turkey, 
Italy, Spain and the United States. The variability of world hazelnut production from year 2000 
to 2010 is illustrated in Figure 1-5. As the figure shows, Turkey is the largest producer and 
exporter of hazelnuts and which supplies about 80 percent of the world’s hazelnut supply, with 
up to 800 thousand tonnes of hazelnut in a year alone.  
 
Figure 1-5 Hazelnut production in world and selected countries 
Source: Food and Agricultural Organisation Statistics (FAOSTAT, 2012) 
Hazelnuts have multiple applications and are sold on two different markets: the in-shell market 
(5-10%) and the kernel market (90-95%) (Mehlenbacher, 1991). Hazelnut kernel is the main 
economic product of hazelnut; however an enormous amount of hazelnut shell is generated 
every year after processing hazelnut in food industries such as chocolate factories and 
confectionery. An efficient waste management in this area is of high importance as it can 
contribute to the reduction in disposal costs, as well as offering environmental advantages. 
Furthermore, innovative waste management might lead to the production of a valuable product 
with possible added value which mitigate waste management costs or possibly even offer a 
financial return.    
At the present time, some of the disposed hazelnut shells from manufacturing industries are 
collected by growers and processors to be used directly for different purposes. For example the 
shells are ground and sold as livestock bedding, mulch, or other low-value products, they can 
be used in manufacturing of cosmetic products in powder form, although more often they are 
used as solid fuel to produce heat.  
Apart from the direct use, various studies have been performed on the specific characteristics of 
the hazelnut shells, yet these findings have not been applied on a commercial scale. For 
example, in several studies the hard shell and the green leafy cover of hazelnut have been 
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reported to be a natural source of antioxidant extract which can be used in industry and for 
human health care purposes (Yurttas et al., 2000, Contini et al., 2008). Moreover, the shells can 
be directly used as low-cost adsorbents; for instance the removal of copper, lead, nickel, 
cadmium and dyes from aqueous solutions has been successfully reported by researchers (Altun 
and Pehlivan, 2007, Demirba! et al., 2008, Jamali et al., 2009, Bulut and Tez, 2007, Ferrero, 
2007). The benefits of hazelnut shells have been investigated as compost for improving soil 
properties and as additives in cement to refine its mechanical properties (Cimen et al., 2007, 
Demirba! and Aslan, 1998).  
Employing Advanced Thermal Treatments (ATT) technologies for waste hazelnut shells could 
be one of the most favourable resource and energy recovery techniques. There are numerous 
studies on the pyrolysis and gasification of hazelnut shells in order to produce oil and char, e.g. 
(Pütün et al., 1999, Dogru et al., 2002, Demirba!, 1999, Haykiri-Acma, 2006). Pyrolytic oil 
from hazelnut shells is a renewable fuel with the calorific value of >26 KJ Kg-1 which is 
comparable with that of coal and coal products (26-36 MJ/Kg) (Pütün et al., 1999, DUKES, 
2012). The char, specifically in form of activated carbon, is a strong adsorbent and can be used 
in water treatment, food and medical industries due to its natural origin and hence low ash 
content.   
While the feasibility of using hazelnut shells as carbon starting material has been previously 
investigated by other researchers (Section 1.2.4), the main objective of this thesis is a 
comprehensive optimisation of activated carbon production from hazelnut shells using steam as 
activating agent, with specific interest in utilising two different heating techniques. The 
optimisation study is focused on the effect of operational process factors on the characteristics 
of final product. The two different heating techniques which were used in the production of 
activated carbon in this study will be considered in the following section.     
1.5 Heating Process 
1.5.1    Using alternative heating techniques to control GHG effects  
There is a growing realisation that energy efficiency, reduced GHG emissions and efficient 
resource consumption are the key factors, strongly linked together as cornerstones of the long-
term sustainable development of modern society. The total industrial energy use is growing 
everyday due to the increasing amount of production and consumption in the world, thus the 
normal energy efficiency rates within industry section will not be sufficient to achieve a 
sustainable society in the future. However, in the short term the adoption of Best Practice 
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Technology (BPT) and Best Available Technology (BAT) would result in significant reduction 
in energy consumption in different sectors of industry (UNIDO, 2010).  
According to the report by the United Nation in 2010, the total energy consumption within 
industry is anticipated to increase from 106 EJ in 2007 to 172 EJ in 2030 if no further 
improvement in efficiency is achieved. The energy consumption increase is estimated to be 
about 136 EJ with an efficiency rate of 1% rate per year. However, in the case of adopting BPT 
in all industries by 2030, the energy consumption is estimated to increase only to 128 EJ and a 
further reduction to 114 EJ (5-15%) can be achieved with the adoption of BAT (UNIDO, 
2010).  
Currently, many of the heating processes in industry are performed by conventional indirect 
thermal methods due to the lack of knowledge and understanding of advanced methods such as 
induction and microwave heating. The employment of conventional methods is usually easier 
due to the ease of use and a complete understanding of the method and its control. However, 
the application of best practice in industrial heating processes, in which a significant part of 
energy consumption takes place, is mandatory to achieve the benchmarks set by environmental 
agencies.  
1.5.2 Conventional radiant heating process 
Conventional heating technologies are a wide classification of techniques that rely on basic heat 
transfer concepts; conduction, convection and radiation. Owing to the wide range of 
technologies it uses, conventional heating is highly adaptable to a variety of applications. This 
method is well established and by far the most common heating method in society and industry 
and thus benefits from thorough understanding of the science behind the method.  
Conventionally heated electrical furnaces use heating elements which generally are made from 
resistance wires. The basis of heat production by these elements is the resistance of the element 
material against the flow of the electric current. The generated heat is then transferred to the 
surface of the material by means of conduction, convection or radiation through intermediate 
media. Once heat is received by the material, it is transferred from its surface towards the body 
centre, mainly by conduction. During the course of conventional heating, a large heat gradient 
is formed from the surface to the core of material. Due to the thermal inertia of the system, the 
temperature of material is always lower than the furnace, to the point that in many cases deep 
inside the workload cannot reach the desired temperature (Fernandez et al., 2011).  
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Conventional heating methods, despite having been used for many years, are still problematic 
to control due to the slow and imprecise heating of the workspace surface. Moreover, assuming 
that the surface temperature is controlled precisely, the heat transfer rate from the surface into 
the body is highly limited by the physical properties of the material such as specific heat, 
thermal conductivity and density, or in general the thermal diffusivity of the workspace. 
Furthermore, larger workspace implies longer time to heat the workspace by conventional 
methods and is also much more difficult, as well as non-uniform, when the material is thick 
(Meredith, 1998).  
1.5.3 Microwave heating process 
In order to overcome the apparent limitations of conventional heating methods, alternative 
heating methods have been developed and applied in science and technology. In this category, 
electro-heat technologies have emerged to include induction, radio-frequency, infrared and 
microwave heating, all utilising specific parts of the electro-magnetic wave spectrum (Appleton 
et al., 2005).  
Microwave heating is a potentially attractive method as it allows for improved heating 
efficiencies compared to conventional methods. Magnetrons (microwave sources) were 
invented in 1940, initially for military purposes. After the war microwaves were increasingly 
used in other applications. The first commercial microwave oven (Radarange®) was developed 
and manufactured in early 1950. However, they were not used in industry until 1962 (Clark and 
Sutton, 1996). Since then, microwave heating has been successfully used in various industrial 
and domestic applications such as food industry, vacuum drying, pasteurisation and 
sterilization, ceramic, rubber and plastic industries, crude oil exploration and processing, 
forestry and agriculture, as well as many other applications in chemical industry and civil 
engineering (Meredith, 1998, Udo and Christof, 2010).  
The mechanism of microwave heating is different from conventional heating in terms of its 
"volumetric heating" effects and the "selective heating" which results in a more efficient 
heating of material. Unlike conventional heating methods, where material is heated through 
heat flux, microwave heating is achieved throughout the volume of material by direct 
conversion of electro-magnetic waves energy to heat as waves penetrate the substance 
(volumetric heating). As a result, the rate of heating is not limited by the thermal diffusivity of 
material and therefore more uniform heating is assumed to be achieved (Meredith, 1998). Also, 
microwave heating is referred to as selective heating, as electromagnetic wave energy is only 
dissipated as heat in materials with suitable dielectric properties and not necessarily everything 
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in contact with them (this will be discussed further in Section 1.5.3.4). Some of the main 
advantages of microwave over conventional heating methods are listed in Table 1-3.  
Table 1-3 Benefits and challenges in microwave heating methods, adopted from Clark and Sutton (1996) 
Benefits  
Cost savings (time and energy)  
Precise and controlled heating (instantaneous on/off  heating)  
Selective heating  
Volumetric and uniform heating (due to deep energy penetration)  
Short processing times  
Improved quality and properties  
Synthesis of  new materials  
Processing not possible with conventional means  
Reduction of  hazardous emissions  
Increased product yields  
Environmentally friendly (clean and quiet)  
Self-limiting heating in some materials  
Power supply can be remote  
Clean power and process conditions  
Challenges 
Heating low-loss poorly absorbing materials  
Controlling accelerated heating (thermal runaway)  
Exploiting inverted temperature profiles  
Eliminating arcing and controlling plasmas  
Efficient transfer of  microwave energy to work piece  
Compatibility of  the microwave process with the rest of the process line  
Reluctance to abandon proven technologies  
Timing  
Economic 
By enabling high heating rates, utilising microwave energy may lead to significant savings in 
total energy consumption and process time. In the recent years, microwave heating has been 
used in thermal processing of municipal waste, sewage sludge, contaminated soil, plastic and 
rubber waste and many other dielectric materials (Menéndez et al., 2002, Punt et al., 1999, 
Krieger-Brockett, 1994, Miura et al., 2004, Robinson et al., 2007). Complete reviews on the 
application of microwaves in industry, environmental engineering and more specifically in 
pyrolysis of biomass have been gathered by Clark & Sutton 1996, Jones et al. 2002 and 
Fernandez et al. 2011, respectively.  
Although microwave heating is considered to be a beneficial alternative for conventional 
heating techniques in waste management and conversion processes, it is also worth mentioning 
that there are some limitations concerning microwave heating processes. These include; the 
absence of sufficient knowledge on the dielectric properties of materials such as biomass and 
the need of more complicated design and implementation of the technology, as well as 
uncertainty about the actual cost of these technologies (Fernandez et al., 2011).  
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1.5.3.1 Microwave Heating Efficiency  
Microwave heating efficiency could be named as one of the most important features of this 
method in comparison with the conventional heating techniques. Higher energy efficiency has 
been reported by researchers in various fields such as organic and inorganic chemistry 
(Moseley and Woodman, 2009, Pinchukova et al., 2011), food industry (Berteli and Marsaioli 
Jr, 2005), and extraction techniques (Pérez-Cid et al., 1999).  
Nevertheless, it should be noted that microwave heating efficiency depends on the type of 
application and material being heated; as a result, some researchers have been sceptical about 
the higher efficiency of microwave heating techniques. These researchers argue that the typical 
efficiency of conversion of electrical to microwave energy being 50-65% (assuming that all the 
microwave energy is absorbed by the material) will not result in dramatically increased overall 
efficiency comparing with conventional techniques (Moseley and Woodman, 2009).  
As stated earlier, the type of material being heated has a profound influence on the efficiency of 
microwave heating process; in other words, according to their microwave responsivity some 
materials cannot be efficiently heated by microwaves. In general, it can be concluded that the 
benefit of using microwave heating can be substantial only when applied to suitable material; 
this is of more significance when heating time is a crucial factor, as the slow heating rates 
achievable by conventional methods results in considerably high energy consumption.   
1.5.3.2 Microwave Heating Mechanism  
Volumetric heating, identified to be the significant characteristic of microwave heating, 
involves a mechanism where each element in the material is heated individually and ideally at a 
similar rate. In general, the electrical volumetric heating can be achieved through four methods 
of (i) conduction/induction for materials with low resistivity; usually used in metal forming 
industries for welding, annealing and hardening; achieved at electrical frequencies of DC to 60 
Hz for conduction and 50 Hz to 30 kHz in case of induction, (ii) ohmic heating or conduction 
heating of liquids and solutions, achieved at the frequency ranges of 50 or 60 Hz, (iii) radio 
frequency heating for materials with high resistivity, achieved at frequency ranges of 1 to 100 
MHz, and finally (iv) microwave heating (Meredith, 1998).       
Microwaves are of frequencies between radio waves and infrared radiation (300 MHz to 300 
GHz), corresponding to wavelength of 1mm to 1m, which are mainly used for communicational 
purposes. Frequencies close to 900 MHz (896 MHz in the UK) with wavelength of 33.3 cm and 
85% efficiency and 2450 MHz with wavelength of 12.2 cm and 80% efficiency have been 
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designated to be used in industry. All domestic microwave ovens operate at 2450 MHz. These 
frequencies, often named ISM (Industrial, Scientific and Medical) frequencies, have been 
selected with the aim of minimum interference with communicational services (Meredith, 
1998). 
The interaction between microwaves and material can be in from of absorption, reflection and 
transmission, according to which materials are categorized into absorbers, conductors and 
insulators, respectively (Fernandez et al., 2011). The main interactions are absorption and 
reflection. In fact, energy in the form of heat through microwaving is initially generated via 
absorption; transmission is in fact the result of incomplete absorption and partial reflection 
(Clark and Sutton, 1996).   
The understanding of principles of microwave heating requires the definition of specific terms, 
most important of all are “dielectrics” and “dipoles”. An electric dipole consists of two equal 
and opposite charges, located at a certain distance. Many molecules intrinsically carry dipoles 
due to their non-uniform distribution of positive and negative charges on various atoms. 
Accordingly, a molecule with permanent dipoles is termed polar molecule. Dielectric materials 
are electrical insulators (or partly insulators) which do not contain dipoles intrinsically, 
however can be polarized when placed in an electrical field. Dielectric polarization occurs 
through minute changes in the charges of the molecules in insulating or partly insulating 
materials. Dielectric materials are different from conductors because charges in dielectrics are 
held by atomic or molecular forces and are not able to move en-mass as occurs in conductors 
when passing an electric current.  
Table 1-4 Mechanism of polarization, modified from Von Hipple, 1954 
a) dipole, b) atomic, c) electronic, and c) interfacial polarization  
  
Mechanism No applied field Applied field 
(a)Dipole 
Polarization 
  
(b)Atomic 
Polarization   
(c)Electronic 
Polarization 
 
      
(d)Interfacial 
Polarization   
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In Table 1-4 (a), the polarisation of permanent dipoles under an electric field can be seen. In 
addition to the polarisation of intrinsic dipoles, three other mechanism of dipole induction and 
polarisation under an external electric field are shown for dielectric materials: (i) atomic 
polarisation; takes place through displacement of atomic nuclei due to the unequal distribution 
of charges in a molecule, (ii) electronic polarisation; electrons around nuclei are displaced 
generally to one side under the influence of an external electrical field, and (iii) interfacial 
polarisation; also known as Maxwell-Wanger polarisation, which takes place where charge is 
built up in the interfaces between components in heterogeneous materials or due to imperfect 
arrangement of atoms ions or molecules (Metaxas and Meredith, 1993).  
Regardless of the origin of dipoles, dipolar components tend to physically align with the 
electric field once introduced to an electromagnetic field. Microwave frequencies are low 
enough to provide sufficient time for dipoles to realign to the field, but high enough not to let 
the re-orientation take place simultaneously with the field oscillations. In fact, this phase lag 
between the field changes and dipole re-orientation, known as relaxation time, has been 
attributed to heat generation through molecular friction and collision. The amount of heat 
produced (power dissipation) is directly related to microwave frequency (Thostenson and Chou, 
1999, Meredith, 1998, Lidström et al., 2001). The extent of which microwaves interact with 
materials depends on the materials’ dielectric characteristics including permittivity, electrical 
properties and permeability, as discussed in the following sections.    
1.5.3.3 Permittivity and Permeability 
Microwaves, as with all electromagnetic waves, consist of an electric (x component) and a 
magnetic (y component) field, oscillating perpendicular to each other as shown in Figure 1-6. 
The fields can be expressed as: 
! ! !!!!!!!!!                                                                                                              Equation 1-1 
! ! !!!!! !!!!!!                                                                                                           Equation 1-2 
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Figure 1-6 Travelling electromagnetic wave through a loss-free dielectric, 
adopted from Von Hippel, 1954 
Where E0 is the amplitude of the electric field, $ is the propagation constant, % the material’s 
permittivity and µ is the permeability. Permeability is the ability of material to support the 
formation of magnetic field within itself. However, the effect of permeability in non-magnetic 
materials is negligible, thus it plays a less significant role in the heat conversion throughout 
microwave heating. Therefore, the capability of materials in absorbing the microwaves and heat 
conversion is more governed by their dielectric properties in terms of their real dielectric 
constant or permittivity (%), relative dielectric constant (! !), effective loss factor (!!!"") and loss 
angle (&). The relative dielectric constant or permittivity, ! !,  is the permittivity of material 
relative to that of free space and represents the ability of a dielectric to store the potential 
electric energy if placed in an electric filed. The effective dielectric loss factor, !!!"",  is 
representative of the efficiency of conversion of absorbed energy to heat (Lidström et al., 2001, 
Von Hippel, 1954). To account for all losses, the dielectric content for a real dielectric is 
expressed in terms of the complex permittivity, !!:  
!! ! !! ! !!!!""                                                                                                             Equation 1-3 
An important parameter in characterisation of dielectric materials is their loss angle, which is 
expressed as the ratio of real permittivity and the loss factor, seen in Equation 1-4. 
!"# ! ! !!!""!!                                                                                                                   Equation 1-4 
 
Figure 1-7 Phase diagram a) ideal dielectric b)real dielectric with phase lag, and c) the relation between 
relative permittivity and loss factor (Gabriel et al., 1998).  
!!!"" 
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As briefly discussed in Section 1.5.3.2, when a dipole is placed in an electric field, it will try to 
reorient to the variations of the alternating voltage of the field. The re-orientation of dipoles and 
charge displacement results in an electric current known as Maxwell displacement current. The 
parameter ! in Equation 1-4 represents the phase displacement caused by the dipole lag behind 
the electric field, i.e. the lag between the re-orientation of dipoles with the electric field 
oscillation.  
As seen in Figure 1-7, when an ideal dielectric is placed in an oscillating electric field, there is 
no lag between the electric field and variations of voltage in the electric field. This implies that 
the displacement current is at a 90° angle with the electric field and energy is transmitted 
without loss due to absence of a component of the current in phase with the field. In a real 
dielectric however, the phase displacement (!) acquires a component I'sin ! in phase with the 
electric field which results in the energy dissipation and heat production through internal 
resistance to rotation, i.e. resistive heating (Gabriel et al., 1998). Along with the heat capacity 
and density of the material, the dielectric loss is helpful in enabling comparison between 
materials in terms of their heating rates under the influence of an electromagnetic field.      
The permittivity of dielectrics is usually measured at either a single frequency, or frequency 
spectrum, as a function of thermodynamic parameters such as temperature, pressure and sample 
composition (Udo and Christof, 2010). In general, the dielectric properties of materials have 
complex origins  and are difficult to measure, though new techniques have been developed to 
measure these properties at different temperatures and frequencies. Valuable data on !! has 
been gathered by Von Hippel 1954 in his book, for organic and inorganic materials at different 
frequencies and room temperature. Metaxas and Meredith have gathered useful information in 
their book 1988, on the effect of moisture, temperature and frequency on the dielectric content 
of different materials. Other researchers have reported data on the dielectric properties of 
solutions (Gabriel et al., 1998) and solids (Thostenson and Chou, 1999) in their reviews. 
1.5.3.4 The Suitability of Materials for Microwave Heating  
The microwave heating of materials is most probably restricted by their dielectric properties. 
As discussed earlier, not all materials can be heated by microwaves this being dependent upon 
the ability of molecules to couple with the microwaves, i.e. their dielectric properties. Two 
quantitative terms indicative of the suitability of materials to be microwave processed are 
power absorbed per unit volume (PA) and depth of penetration (Dp), where the former is 
expressed as: 
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!! ! !!!!!!!""!!!!!"#!                                                                                               Equation 1-5 
In which f is the frequency (Hz), !! is the permittivity of free space and the Erms is the root 
mean square of electric field strength in material (V/m). According to the power absorbed per 
unit of the materials, they can be identified to be suitable for microwave heating as microwave 
receptors as seen in Figure 1-8  (Thostenson and Chou, 1999).   
 
Figure 1-8 The relation between power absorbed per unit of volume and dielectric loss  
(Thostenson and Chou, 1999)  
It should be noted that this equation is only valid for very thin materials where the electric filed 
can be considered to be constant. This is because the electric field loses its influent at further 
distances from the surface. Accordingly, the penetration depth (!!) is defined as distance from 
the surface of sample where the absorbed power is at a specific ratio (1/e) of the power at the 
surface of the material. A simplified form of microwave penetration depth is given by the 
following equation (Thostenson and Chou, 1999)5:   
!! ! !!"#!!!!""                                                                                                                Equation 1-6 
Where C is the speed of light in vacuum. This parameter is particularly important in processing 
of thick materials. If the penetration depth of microwaves is much less than the material 
thickness, the rest of the material is heated by conduction.  
                                                      
 
5 These workers used the real loss factor (!!) instead of the relative or effective loss factor; therefore the 
original form this equation was !! ! !!!!!!!!!. 
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1.5.3.5   Microwave Heating of Non-coupling Materials  
For the materials with low microwave absorption capacity, there are techniques available to 
facilitate microwave heating. For example, increasing the sample temperature is a common 
method used to enhance the microwave absorption ability in many materials with low 
microwave absorption. Once the material is heated sufficiently, the microwave absorption 
reaches a point where self heating is possible and more uniform heating can be achieved (Clark 
and Sutton, 1996).  
Another common technique to induce microwave heating of non-responsive materials is 
through using assisting coupling materials such as carbon. The use of this technique is 
favourable if the additives and mixing ratios are selected properly. However, it should be noted 
that heating nonsusceptible material through using responsive additives does not necessarily 
enable the energy transfer benefits of microwave heating (such volumetric heating) to be 
realised. This is because heat is initially transferred to the material through conventional 
thermal conduction from receptors with the associated inefficiencies.  Moreover, the use of the 
latter technique can also cause problems due to the excessive increase in radiation absorption 
ability of additives at higher temperatures which may lead to the undesirable phenomenon 
known as “thermal runaway”. Under these conditions the temperature of the material raises 
uncontrollably, generally causing damage in the heated material (Fernandez et al., 2011). 
In the case of processing biomass, the problem with its poor dielectric properties is an 
important issue. Nevertheless, owing to the selective heating mechanism of microwaves, 
biomass can still be heated by microwaves because of its water content. Generally, heating 
continues as long as water is present; once water has been completely removed the dried 
biomass is essentially transparent to microwaves. Unfortunately, the heating through water 
molecules is generally not enough to initiate the actual pyrolysis so the addition of microwave 
receptors material such as char or inorganic matter is recommended (Fernandez et al., 2011). 
However, this brings along its own disadvantages as mentioned previously, in addition to the 
problem of separation of the additives from the final char product.   
1.5.4   Microwave structure and parts  
The structure of the microwave oven, as well as its output power, has a significant effect on the 
heating of objects. This implies that changes in the configuration of a system such as: single or 
multimode microwaves ovens; shape and size of the cavity; shape and type of the reactor and 
its position within the microwave cavity, could induce considerable changes in the heating 
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behaviour of the material under test. Although this characteristic of microwave heating can 
make the process receptive to uncontrollable changes, it also provides an element of versatility 
to the production method through making simple adjustments to the above factors. Therefore, 
understanding the mechanism through which electromagnetic waves are produced and 
delivered to the material in a microwave heating system is indispensable.   
The mechanical structure of a microwave oven generally consists of a high voltage power 
supply, microwave source, transmission lines, cooling system and applicator (Figure 1-9). The 
power system is responsible for producing the high voltage current which later is converted to 
electromagnetic waves through charge acceleration in the microwave source. The other parts of 
a microwave oven are explained with more details in following sections.   
 
  Figure 1-9 Schematic diagram of mechanical structure of a typical microwave oven  
(Modified from Vollmer, 2004) 
1.5.4.1 Microwave Sources and transmission lines 
The most common microwave sources are Magnetrons and Klystrons. Generally, Magnetrons 
are favourable due to their frequency stability, higher efficiency and lower cost due to mass 
production. On the other hand, Klystrons are capable of producing higher powers and benefit 
from longer life time (up to eight times higher than magnetrons), although they tend to be more 
expensive (Bradshaw et al., 1998, Thostenson and Chou, 1999).  
Magnetrons produce microwaves ranging from 1 to 40 GHz at ~80% efficiency and 5000 hrs 
lifetime. The internal structure of magnetrons as seen in Figure 1-10 comprises of a cylindrical 
cathode placed on the axis of a circular cooper anode, in a vacuum tube. The anode contains 
cavities which are designed to act as a resonator for operating microwave at high frequencies. A 
permanent magnet or an electromagnet is placed around the anode which produces a high 
density magnetic field (Vollmer, 2004).     
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Figure 1-10 Schematic diagram of magnetron (Vollmer, 2004)   
Once high voltage is applied between the electrodes, loosely bounded electrons are ejected 
from the tip of cathode under the strong electric field. However, due to the presence of the high 
density magnetic field created by the magnet, electrons start to follow a spiral path resulting in 
a swirling cloud of electrons, as illustrated in Figure 1-11. At this time, the cavities located 
inside the anode act as resonators, resulting in acceleration of electrons. Thus, the electron 
cloud starts to oscillate more vigorously by entering the resonant circuits. The frequency of the 
oscillation depends on the size of the resonant cavities. The high frequency swirling electrons 
produce electromagnetic waves, which are then directed to the transmission lines (wave 
guides), and eventually to the cavity (applicator).     
 
Figure 1-11 Formation of circular motion of electrons, once released from the cathode filament 
The transmission lines (wave guides) can be made in several shapes (rectangles, circular tubes 
or elliptical forms) from conductive materials such as copper, brass, silver and aluminium or 
other similar materials with low bulk resistivity. Other components could be also located in the 
transmission lines system to protect the equipment, for sensing purposes and coupling 
microwaves with materials in the applicator (Thostenson and Chou, 1999).   
1.5.4.2 Applicator  
The microwave applicator refers to the space where microwave energy is coupled with the 
subject material. Microwave coupling with material is strongly influenced by the applicator size 
1+#2%&-*
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and geometry, material size and location and the size and shape of the material relative to the 
applicator, as well as the subject material’s dielectric properties (Asmussen et al., 1987).   
The geometry of the cavity can determine how electromagnetic waves resonate in the applicator 
to produce standing waves. These standing waves are produced from the reflection of waves off 
the cavity walls, eventually forming a three dimensional stationary pattern with high and low 
field density, called modes (Lidström et al., 2001). Accordingly, cavities are designed to 
operate in single or multi mode manner. Single mode applicators are made in the size of one 
order of wavelength, which can be calculated by solving the Maxwell equation6 with one 
resonance mode. Single mode cavities contain non-uniform but well-defined and predictable 
electromagnetic fields, implying that the high and low points of standing waves can be closely 
located. The knowledge of the location of hot spots in the microwave cavity can contribute to 
an optimum heating efficiency (Thostenson and Chou, 1999, Bradshaw et al., 1998).  
Single mode applicators provide higher power densities but due to their limited cavity size can 
only be used for small samples, especially materials with low effective loss factors. On the 
other hand, multi mode applicators, such as domestic microwave ovens, are built with at least 
one dimension much larger than one wavelength in free space and can be used for samples with 
larger size. However, this type of applicator results in a non-uniform electromagnetic field and 
multiple over heated locations (See Figure 1-12). The longer the size of the cavity, the more 
uniform heating is expected in multi mode cavities (Thostenson and Chou, 1999, Clark and 
Sutton, 1996). 
 
Figure 1-12 Horizontal mode structure in a microwave cavity using infrared thermal imaging, while heating a 
thin layer of water on a glass plate (Vollmer, 2004)   
                                                      
 
6 Maxwell equations is a set of four equations which describe the electric and magnetic fields generated 
by varying distribution of electric charges and currents, and their variations with time.    
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Multimode domestic microwave ovens can be used during initial steps of experimental works 
with some modifications based on the experiments requirements. However, such experiments 
are sometimes limited by domestic microwave ovens drawbacks, such as them not being 
designed for very high temperatures (>~150oC) and having no provision for temperature control 
(Bradshaw et al., 1998). The formation of multiple hotspots is another problem with domestic 
microwave ovens. There have been some solutions to achieve more uniform heating in the 
material, one of which is the use of mode stirrers. These stirrers are metallic rotating vanes fans 
with the speed of 1-10 Rev/s that can be placed near the waveguide input (Metaxas and 
Meredith, 1993). The use of a rotating table in the applicator is another solution to a more 
uniform heating. However, this is not possible in many cases where the glassware should be 
fixed within the applicator.  
The domestic microwave ovens to be used in laboratories are usually modified for a specific 
application. For example, in the case of pyrolysis where an inert atmosphere is required during 
the experiment, there should be at least one gas feed port through the wall of the cavity to 
introduce the inert gas and one port to evacuate the volatiles. Usually ports of less than 10mm 
diameter can act as chokes at 2450 MHz and prevent the leakage of radiation. A radiation of 5-
10 mW/cm2 at the distance of 50mm is a generally acceptable limit for microwave leaks, which 
should be considered in case of cavity modification (Bradshaw et al., 1998).      
1.5.5   Production of activated carbon by microwave heating methods  
Microwaves have been used in the production, regeneration and modification of activated 
carbons. The application of microwaves in the carbonisation of waste was first introduced by 
Grannen and Robinson in 1974. These workers used microwave for the pyrolysis of organic 
solid waste mixed with a gas stream at pressures below atmospheric. Thereafter, research on 
replacing microwave heating methods in the production of char and activated carbon has been 
investigated by various researchers.       
Utilising microwave heating in the production of char was found to produce desirable changes 
in its textural and chemical properties comparing to the char produced by conventional 
methods. For instance, a cleaner porous structure has been reported by Miura et al., 2004 in the 
pyrolysis of wood, as seen in Figure 1-13.  
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Figure 1-13 The difference between the porous structure of char produced by 
 (a) conventional method (b) microwave heating (Miura et al., 2004)  
This difference can be referred to as one of the most important advantages of employing 
microwave heating in the production of char and occurs due to the internal heating mechanism 
of microwaves. In other words, when materials are heated by conventional methods, a heat 
gradient will form with the hottest layer being nearest to the external surface. In the case of 
carbonisation, primary volatile matter produced near the centre of material needs to pass 
through the higher temperature region towards the external surface; this hotter zone is actually 
where secondary reactions occur. These secondary reactions result in decomposition of the 
volatiles and large amount of amorphous carbons being deposited in the porous structure of 
activated carbon (Miura et al., 2004).  
In contrasts, due to the volumetric heating facilitated by microwave heating mechanism, the 
exterior surface of a material heated in this manner is cooler than its core. This enables volatiles 
to quickly exit the material before thermal cracking occurs inside the material. Consequently, 
the porous structure in microwave chars, appear to be clear and exhibit a more open structure 
than carbons produced in the traditional method (Miura et al., 2004). The majority of the 
studies on the carbonisation of biomass have considered the microwave receptors to be 
requisite for the carbonisation of biomass. There has been only a few studies such as Robinson 
et al. (2009) and Miura et al. (2004) in which the pyrolysis of wood has been reported to be 
viable without receptors.  
Due to the complications of biomass carbonisation through the necessity for adding microwave 
receptors, the production of microwave induced activated carbon was found to be mainly 
achieved in a two step preparation process of separate carbonisation followed by microwave 
activation, especially in the case of physical activation. The chemical activation on the other 
hand was achieved in a single step carbonisation/activation. In fact, the literature survey 
summarized in Table1-5 showed that most of the work undertaken with microwaves has been 
concerned with the use of chemical activation. Even so, in a number of chemical activation 
(a)                                 (b)  
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studies, such as the extended series of work by Foo & Hameed 2012, char was prepared 
separately in a conventional electrical furnace and eventually activated by microwave radiation.  
From Table 1-5 it can be inferred that in the absence of receptors, the activation of 
conventionally produced char is the only method employed when physical activation is 
concerned. As previously mentioned in Section 1.4.2, besides all favourable characteristics of 
physical activation such as avoiding large amount of chemicals, the drawback of this method is 
the higher required activation temperature. However, due to high heating rates achieved by 
microwaves and occurrence of extremely high temperatures through hot spots, the activation 
temperatures could be achieved in shorter time and with lower gross energy consumption. 
Therefore, the application of microwave heating might be an appropriate method to replace the 
conventional heating methods in production of activated carbon with physical activation.  
Overall, it can be concluded from the preceding discussion that microwaves show significant 
promise for the production of activated carbon. Although the method of interaction with the 
feedstock and limitations in the understanding of the mode of action means that there is a need 
to undertake a systematic and detailed comparative study between thermal and microwave 
heating methods to produce activated carbon using this novel and potentially energy efficient 
method.   
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Table 1-5 Summary of literature  on the application of microwave heating to the production of activated carbon from biomass 
Authors Raw material Method BET surface area (m2/g) 
Power 
Range Carbonisation Activation 
 
 
 
 
(Foo and Hameed, 2012) 
(a,b,c,d,e) 
 
 
Conventional 
  
90-800 W 
Jackfruit peel NaOH 1286 
Mangosteen peel K2CO3 1098 
Wood sawdust K2CO3 1496 
Pineapple peel KOH and K2CO3 680-1006 
Durian Shell NaOH 1475 
   
      
(Zhong et al., 2012) Peanut hull - Single step chemical-H2SO4 952 500.7 W 
(Wang et al., 2012) Bamboo charcoal Ready char Co(NO3)2, HNO3 263 640 W 
(Xin-hui et al., 2011a) Jatropha hull Conventional steam, CO2 1350 800-1000 W 
(a,b)      
(Foo and Hameed, 2011) 
(a,b,c,d) 
Sunflower seed oil residue 
Conventional 
K2CO3 1411 
600 W Rice husk KOH and K2CO3 1165 Pistachio nut shell KOH 700 
Date stones KOH 856 
     
(Hejazifar et al., 2011) Grapevine rhytidome - Single step chemical -H2SO4 1607 120-700 W 
(Huang et al., 2011) Lotus stalk - Single step chemical -H3PO4 1434 400-800 W 
(Wang et al., 2011) Bamboo char coal - Single step chemical -Fe2(SO4)3, H2SO4 49-64 640 W 
(Maldhure and Ekhe, 2011) Industrial waste lignin - Single step chemical -ZnCl2 1172 500-800 W 
(Deng et al., 2010) Cotton stalk - Single step chemical -KOH and K2CO3 621-729 480-740 W 
(Liu et al., 2010) Bamboo - Single step chemical -H3PO4 1432 200-400 W 
(Yang et al., 2010a) Coconut shells Conventional Steam-CO2 2288 Up to 3000W 
(Li et al., 2008a) Coconut shells Conventional Steam 891 40 KW 
(Li et al., 2008b) Tobacco stems Conventional K2CO3 2557 700 W 
(Guo and Lua, 2000) Oil palm stone Conventional CO2 320 80-750 W 
(Norman and Cha, 1995) Coal  Microwave pyrolysed  with receptors CO2 ~400 Up to 900 W 
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1.6  Characterisation of Activated Carbons 
The adsorption ability is the key characteristic of activated carbons that make them such an 
important and versatile material. Although the properties of activated carbons have been 
recognised for thousands of years, the adsorptive characteristic of porous solids were only first 
recorded in 1773 by Scheele and later by Fontana in 1777, when they noted the gas adsorption 
capacity of carbon (Chen et al., 2011, Gregg and Sing, 1982). The efficiency of adsorption is 
strongly correlated to the area of exposed surface area and porosity type as initially suggested 
by Saussure in 1814 and Mitscherlich in 1843, respectively (Gregg and Sing, 1982). Therefore, 
the knowledge of these basic characteristics: porosity and surface area, will contribute to the 
understanding and eventually quantifying the adsorption capacity of carbons. 
1.6.1 Porosity  
All activated carbons are categorized as non-graphitizable isotropic carbons as illustrated in 
Figure 1-14 (a). Graphitizable carbons consist of aromatic carbon sheets in packets of 3 to 30 
layers of about 10 to 100 Å thick, stacked parallel to each other. In contrast, the stacking 
sequence is greatly irregular in non-graphitizable (microcrystalline) carbons, causing many 
layers to be tilted with respect to each other. In fact this very high irregularity of graphene 
layers in non-graphitizable carbons is the reason for formation of a porous structure in carbon 
materials such as active carbons (Marsh and Rodriguez-Reinoso, 2006, Coughlin and Ezra, 
1968).   
 
(a)                                                            (b) 
 
Figure 1-14 Structural differences in a) non-graphitizable and b) graphitizable carbons (Marsh and 
Rodriguez-Reinoso, 2006) from Franklin, 1950, 1951.  
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The porous structures of activated carbons are of many different types in terms of both size and 
shape. Regarding the pore dimensions, porous structures are categorized by an IUPAC7 
approved classification to be Microporous with pore width<2nm, Mesoporous with pore width 
of 2-50 nm and Macroporous with pore width of >50 nm. In terms of their shape, pores have 
been classified into five general types as shown in Figure 1-15. This classification is mainly 
applicable to meso- and macroporous materials. The presence of certain pore shapes could 
result in specific adsorption mechanism; for example, the ink bottle shaped pores are usually 
associated with capillary condensation and evolution of hysteresis loop in the adsorption 
isotherm (which will be discussed in Section 1.6.2.2).        
Cylindrical pores Ink bottle pores Silt-shaped pores 
  
 
Cone-shaped Hemispherical meniscus          Wedge-shaped pores with cylindrical meniscus  
 
                       
 
Figure 1-15 Four general pore shapes in porous adsorbents (Gregg and Sing, 1982) 
According to the size and accessibility of the pores, the exposed surface area is measured in 
two distinct forms of internal and external levels. The external surface area takes into account 
all the prominences and wider cracks and pores (meso and macropores), whereas the internal 
surface area only takes the walls of cracks and cavities which are deeper and less accessible 
(micropores) (Bansal et al., 1988).         
                                                      
 
7 International Union of Pure and Applied Chemistry (IUPAC) 
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In a porous material such as activated carbon, there is a range of pore sizes from micro to 
macropores, the surface area from meso- and macropores contribute very little to the total 
surface area or the actual adsorption capacity but are acting as a means of access for the 
adsorbate to the micropores as seen in Figure 1-16. Thus activated carbons are characterised by 
their strong adsorption capacity mainly occurring in pores of molecular dimensions or 
micropores. 
 
Figure 1-16 Internal porous structure of activated carbon and pore-filling mechanism  
(modified from Eom et al. (2006)) 
1.6.2 Adsorption  
The term Adsorption, first introduced by Kayser in 1881, is internationally defined as the 
enrichment of one or more of the components in the region between two bulk phases or 
interfacial layer. Adsorbent is the term used for the solid onto which adsorption takes place and 
adsorbate is the compound retained by adsorbent (Gregg and Sing, 1982). Depending on the 
forces involved, the adsorption on the porous structure can take place physically or chemically.  
The physical adsorption or Physisorption takes place due to the short range repulsive forces, 
called van der Waals dispersion forces or intermolecular forces. These forces are generated 
between the adsorbent-adsorbate atoms by rapid fluctuation of electron density within each 
atom; this fluctuations induces an electrical moment in a near neighbour and thus results in 
attraction between two atoms (Gregg and Sing, 1982). Physisorption is not site-specific, 
implying that it can take place on an entire surface of solid and with any molecule. Once the 
surface of the solid is covered by the first layer of adsorbate molecules, another layer can form 
on top of that, referred to as multilayer adsorption. Adsorption of most gases on porous solids is 
of this type (Figure 1-17(a)).  
Adsorbate 
Molecules 
Micropores 
Meso-Macro pores 
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Unlike physisorption, the chemical adsorption or Chemisorption is the adsorption in which 
chemical bonds are involved, mainly by exchange or sharing covalent electrons between the 
active groups on adsorbent and adsorbate surfaces. Chemisorption takes place in monolayers 
only, is site-specific and involves stronger forces than van der Waals forces due to the 
formation of chemical bonds (Bansal and Goyal, 2005). 
 
        (a) Physisorption                         (b) Chemisorption 
 
Figure 1-17 Adsorption on solid (a) Chemisorption: strong, short range forces involving orbital overlap and 
electron exchange (b) Physisorption: weak, long range van der Waals forces, multilayer adsorption   
1.6.3 Adsorption in Gas-solid Phase 
Physisorption of gases on solids is widely used in the characterisation of porous solids. The 
amount of gas adsorbed by the solid is dependent on its mass, temperature, pressure of gas or 
vapour and the nature of both solid and gas. Therefore, the quantity of gas adsorbed at constant 
temperature, per gram of solid, can be expressed as a function of pressure in the form of Vads=f 
(P). This relationship is the fundamental principle of adsorption isotherms, which represent the 
volume of gas adsorbed by solid over a range of pressures (Gregg and Sing, 1982). However in 
adsorption isotherms, the adsorbed amount is typically plotted against relative pressure (p/p0) 
where p indicates the actual pressure of gas and p0 is the saturation pressure of the pure 
adsorptive at the temperature of measurement (Sing et al., 1985).  
A full characterisation of porous structures through adsorption-desorption isotherms provides 
detailed information on adsorption capacity, surface area, type of porosity and pore size 
distribution. The most suitable method for obtaining these isotherms is to use adsorbates with 
molecules of the same size as the porous structure. The adsorption of gases on porous materials 
typically involves adsorption of nitrogen at 77K and carbon dioxide at 273K.  
Solid Solid
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Nitrogen is generally used due to its small molecular size being available to micro- and 
mesopores. However, because of the kinetic restrictions at such low temperatures of 77K, 
narrow micropores might not be accessible to nitrogen, in which case carbon dioxide isotherm 
can be of great importance (Marsh and Rodriguez-Reinoso, 2006). It should be noted that the 
adsorption of these gases on adsorbents such as activated carbons is not significantly important 
in industry where capturing industrial impurities and contaminations is desired. In other words, 
there is nothing fundamental about using nitrogen or carbon dioxide, it only has been the ease 
of use and their worldwide application which made these adsorption tests widely used by 
researchers (Marsh and Rodriguez-Reinoso, 2006).     
1.6.4 Mechanism of adsorption in porous solids  
When highly porous materials such as activated carbon are exposed to gases, initially gas 
molecules begin to fill the pores with highest potential energy. Figure 1-18 shows the 
adsorption potential energy within slit-shape pores with different sizes.  
 
 
Figure 1-18 The change in the potential energy for adsorbate molecule as the size of slit-shape molecules 
decrease from left to right (Marsh and Rodriguez-Reinoso 2006 adopted from (Rouquerol et al., 1999)) 
As seen in this figure, the gas-solid interaction energy is considerably enhanced within very 
narrow pores as the potential field from neighbouring walls overlap towards the pore centre. 
Therefore, adsorption initiates from the narrowest pores with highest energy and is continued 
by filling larger pores and cracks subsequently (Marsh and Rodriguez-Reinoso, 2006).   
Based on this theory, the adsorption mechanism can be considered to occur in three stages: 
primary, then secondary micropore filling and mesopore filling (Figure 1-19). Primary 
micropore filling takes place at very low relative pressures (p/p0<0.01) in highly energetic pores 
(less than 0.7-0.8 nm for nitrogen adsorption) referred to as ultra-micropores. In pores larger 
than a few molecule sizes (i.e. pores of width up to 2nm) the gas-solid interaction energy 
decreases significantly. Thus adsorption in these pores takes place at higher relative pressures 
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(up to 0.2-0.3), referred to as secondary micropore filling. These pores, called super-
micropores, are filled through a different mechanism, rather a cooperative process involving the 
interaction between adsorbate molecules (Carrott et al., 1987, Sing et al., 1985). 
  
 
 Figure 1-19 Nitrogen adsorption-desorption plot for a porous structure (based on the isotherm  
interpretations by Sing et al. (1985) and Bansal and Goyal (2005) 
Once the micropores are filled, less energetic pores of width between 2 to 50 nm (mesopores) 
are filled at relative pressures over 0.3; it should be noted that the numbers mentioned for pore 
size boundaries and pressures are related to the adsorption of nitrogen and may vary with 
different adsorbate molecules. Adsorption in mesopores initiates with the surface coverage of 
pore walls, this induces mesopores to behave as narrower pores of higher potential energy at the 
centre. Consequently, multilayer adsorption takes place following the full surface coverage of 
walls, until the pores are completely filled (Marsh and Rodriguez-Reinoso, 2006).  
In addition to the multilayer formation, the adsorption in mesopores is also believed to occur 
through Capillary Condensation. This implies that the pore filling through single layer 
followed by multilayer formation occurs up to a point where the amount adsorbed does not 
correspond to the formation of multilayers, merely. This is actually the time when the adsorbent 
is condensed within the pore walls through capillary condensation (Bansal and Goyal, 2005).       
Capillary condensation refers to the phenomenon whereby molecules of gas adsorbate are 
condensed to a liquid-like state before the saturation pressure of gas is reached. Capillary 
condensation of a vapour to liquid can only occur on a concave meniscus, at a pressure 
determined by the mean radius of the meniscus described by the Kelvin equation (Gregg and 
Sing, 1982). The capillary condensation theory can also be used in pore size determination, 
which will be further discussed in Section 1.6.9.1 of this chapter.    
 
 
Primary 
micropore 
filling!
 
 
Cooperative 
micropore 
filling!
Mesopores 
filling!
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Adsorption process can be reversed by lowering the pressure of the system, although desorption 
takes place at a slower rate as it requires higher activation energy in comparison with 
adsorption. For a non-mesoporous solid, the path which desorption occurs lies on the 
adsorption isotherm, however for a mesoporous solid the adsorption-desorption curves are not 
coincident (Marsh and Rodriguez-Reinoso, 2006). The occurrence of this phenomenon, called 
hysteresis, was first observed by Van Bemmelen in 1896 and later investigated by many 
researchers, each providing a theory for its occurrence. In general, this lag between the 
adsorption-desorption isotherm under certain pressure is attributed to the fact that liquid in a 
capillary tube exhibits a greater vapour pressure when is filled than when being emptied, 
because the radius of the meniscus is less during the filling process due to incomplete wetting 
(Bansal and Goyal, 2005).  
The presence of hysteresis, as seen in the last part of the curve in Figure 1-19, is also associated 
with the existence of certain types of pore shapes such as open cylindrical, slit shape and ink 
bottle pores. Whereas in the cone-shape and wedge-like pores, the adsorption-desorption occurs 
in absence of a hysteresis loop, since the process of evaporation is the exact reverse of that of 
condensation (Gregg and Sing, 1982).    
1.6.5 Classification of Adsorption Isotherms               
In addition to in-depth characterisation, the shape of the adsorption isotherm can provide 
considerable information on the extent of adsorption and the porous structure of solids. Many 
different types of isotherms have been reported in the literature, the majority of which can be 
categorized into six classes as illustrated in Figure 1-20. Isotherms type I to V were initially 
proposed by Brunauer, Deming, Deming and Teller, known as BDDT classification. BDDT is 
the core to the modern classification introduced by IUPAC in 1985, to which a type VI 
isotherm was appended for surfaces with extremely homogeneous structure (Sing et al., 1985, 
Gregg and Sing, 1982, Marsh and Rodriguez-Reinoso, 2006).  
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Figure 1-20 Five types of adsorption isotherms in BDDT classification (Sing et al., 1985) 
Isotherm Type I is likely to be observed in case of chemisorption or physisorption in highly 
microporous materials. The significant feature of this isotherm is the plateau at which the 
maximum monolayer capacity of micropores is achieved. The gradient of the initial linear part 
is indicative of the dimensions of micropores, increasing with narrower microporosity. Due to 
the high interaction energy within narrow micropores, complete filling of the pores at quite low 
relative pressures can be achieved in highly microporous materials, giving rise to a Type I 
isotherm (Marsh and Rodriguez-Reinoso, 2006, Bansal and Goyal, 2005).  
From Type I isotherms, the limiting value of monolayer adsorption can be identified, as these 
isotherms are indicative of micropores which cannot accommodate more than one layer of 
adsorbate molecules. On the other hand, Type II isotherms are indicative of multilayer physical 
adsorption on open surfaces or nonporous solids, showing no limiting value indicative of 
monolayer completion. Point B in Figure 1-20 (II), introduced by Emmett and Brunauer (1937), 
is the point at which monolayer adsorption is completed and thus is used in the calculation of 
monolayer capacity in such materials(Bansal and Goyal, 2005).  
Isotherms Type III and V have in common the convex shape to the pressure axis. The convex 
shape of an adsorption isotherm is indicative of the occurrence of cooperative adsorption, 
where the strong adsorbate-adsorbate interactions contributes to the adsorption of more 
molecules (Bansal and Goyal, 2005). Generally, isotherms of type III are obtained for 
nonporous or highly macroporous materials during the adsorption of vapours, whereas type V, 
with the hysteresis loop, can be observed for mesoporous or microporous adsorbents.  
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Isotherms of type IV are obtained for mesoporous materials with the occurrence of monolayer-
multilayer adsorption with capillary condensation and thus formation of a hysteresis loop. 
Classification of hysteresis types by IUPAC can be seen in Figure 1-21. Hysteresis type H1 is 
observed for solids with spheroidal, uniform particle size, H2 for some silica gels, and H3 and 
H4 in solids with slit-shape or plate-like pores (Gregg and Sing, 1982).    
 
 
Figure 1-21 The hysteresis loop classification by IUPAC (Sing et al., 1985) 
Interpretation of gas adsorption isotherms is possible by using models, which provide an 
expression for monolayer coverage and thus allow for determination of parameters such as 
surface area and pore size distribution. These models employ many simplifying assumptions 
but still appear adequate enough for characterisation of porous structures (Marsh and 
Rodriguez-Reinoso, 2006). There have been a number of models developed over many years, 
the most commonly applied being the Langmuir, BET and t-plot models, which are briefly 
discussed in the following sections.  
1.6.6 Langmuir model 
Being the first model developed with a theoretical basis, it is important to discuss this model 
here though it is not applied in the characterisation of porous samples in this thesis. This model 
was developed by Langmuir in 1918 and assumed that adsorption on a surface is limited to a 
single molecular layer. The model has used a kinetic approach based on three assumptions: (i) 
adsorption occurs at definite localized sites, (ii) each site can only accommodate one and only 
one adsorbate molecule and (iii) the energy of adsorbate molecules is the same on all sites 
regardless of presence of other molecules, implying that there is no interaction between 
neighbouring adsorbed molecules (Bansal and Goyal, 2005). The Langmuir equation is usually 
expressed as:  
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!!! ! !"!"!!                                                                                                                                               Equation 1-7 
Where:  V = volume of gas adsorbed 
Vm =  volume of gas adsorbed forming a monolayer  
                 P = pressure at equilibrium  
B = Langmuir empirical constant  
 
Equation 1-7 can be shortened to ! ! !! at very high pressures, indicating the stage at which 
adsorption is independent of pressure, as it has reached its highest value of !!. Therefore, the 
Langmuir equation can describe isotherms of Type I for microporous materials, in which pores 
attain their maximum capacity at certain pressures; since they are so narrow that they cannot 
accommodate more than a single molecular layer on their walls (Gregg and Sing, 1982).  
In the analysis of isotherms, the Langmuir equation applies the initial part of the isotherm 
before Point B, as illustrated previously in Figure 1-20. For most activated carbons, the limit of 
using the Langmuir equation is p/p0<0.15, where the monolayer coverage takes place (Marsh 
and Rodriguez-Reinoso, 2006). This model has been criticised for the assumption that 
adsorption sites are considered to be energetically homogenous and ignoring the interaction 
between adsorbate-adsorbate molecules. In fact, in the case of activated carbon, none of these 
assumptions are applicable. The applicability of the Langmuir equation has been investigated 
by many researchers and deviations from experimental data were reported, as far back as the 
1950’s, especially in the calculation of surface area e.g. (Culver and Heath, 1955). However, 
despite the fact that Langmuir loses its validity in terms of interpretation of adsorption data, it 
remains a significant building block for more complicated models, which will be discussed in 
the subsequent sections.         
1.6.7 BET model  
The BET model was developed and subsequently published by Brunauer, Emmet and Teller in 
1938, describing multilayer adsorption by generalizing the basic Langmuir theory of monolayer 
adsorption. These researchers were of the view that only the first layer of adsorbate molecules 
is attached to the solid surface by adsorbent-adsorbate adsorption forces. Presuming that these 
adsorbent-adsorbate forces are not strong enough to effect formation of further layers of 
adsorbate, they stated that the uptake of second and subsequent layers are facilitated by the 
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same forces as those involved in condensation of vapours in liquid state (Bansal and Goyal, 
2005).  
The three assumptions related to the second and higher layers were: (i) adsorption energy in all 
layers, except the first layer, is equal to the molar heat of condensation; (ii) in all layers, except 
the first layer, evaporation and condensation conditions are identical; (iii) infinite number of 
layers can be built up at saturation pressure (p=p0). Based upon these assumptions the BET 
equation was developed as: 
!!! ! !"!!!!!!!!! !!! !!!!!                                                                                                                     Equation 1-8 
Where:  V = volume of gas adsorbed 
Vm = volume of gas adsorbed forming a monolayer  
   P = pressure of gas  
   p0 =s aturation pressure of gas at the temperature of measurement  
   C = BET constant.  
 
The value of C is known to be exponentially proportional to the adsorption heat but does not 
measure the energy quantitatively. Although IUPAC has recommended the use of the BET 
model within p/p0 of 0.05-0.30, Sing et al. 1985 suggested that the most adequate range is 
where the equation becomes linear. The linearity range may vary with different test materials; 
for example p/p0 of 0.05-0.35 for the original plots from Brunauer, Emmet and Teller in 1938 in 
adsorption of nitrogen by variety of adsorbents and adsorption of gases on silica gel, p/p0 of 
0.01 to 0.1 in case of nitrogen adsorption on pure sodium chloride reported by MacIver and 
Emmet in 1956 and 0.005 to 0.15 for adsorption of nitrogen on un-graphitized carbon black 
reported by Brezkina et al. in 1969 (Gregg and Sing, 1982). In general, for microporous solids 
the best fit is normally restricted to relative pressures below 0.15, including Point B in the 
isotherm (Rouquerol et al., 1999, Marsh and Rodriguez-Reinoso, 2006).   
Activated carbons generally have groups of surface sites, each homogeneous within themselves 
but different from others, resulting in an inconsistency in the BET model’s basic assumptions. 
Therefore, the applicability of the model at pressures lower than the linear range boundary is 
questionable due to the high heterogeneity of adsorption energy on surface. On the other hand, 
at pressures over the linear range, the BET model loses its validity due to the occurrence of 
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capillary condensation, which requires a different modelling approach (Bansal and Goyal, 
2005).  
Assuming that the adsorption of molecules on pores is similar to the adsorption on a surface, 
the specific surface area of pores can be estimated from the value of the monolayer capacity 
obtained from Equation 1-8 (Marsh and Rodriguez-Reinoso, 2006). Hence the BET surface 
area can be calculated as: 
! ! !!!!!!!!                                                                                                              Equation 1-9 
Where:    am       =        adsorbate molecular projected area (0.162 nm2 for nitrogen at 77K) 
                NA     =       the Avogadro number 
 
The BET surface area is calculated based on the area of adsorbate molecule projection on a flat 
surface. However, the projected area of molecules as reported in literature does not reflect the 
true area of coverage. Part filling of porosity as illustrated in Figure 1-22, in addition to the 
packing density of molecules within porosity being a function of size and shape of the 
adsorbate molecules has a profound influence on calculation of surface area. Therefore, the 
amount of adsorbate retained within the pores is not necessarily proportional to the definite 
surface area. Consequently, this concept should be taken as a comparative indication of 
adsorption capacity, with no expectation to provide information on where and how adsorption 
takes place (Marsh and Rodriguez-Reinoso, 2006).    
 
Figure 1-22 Pores with similar internal surface area but different adsorption capacity  
(Modified from (Marsh and Rodriguez-Reinoso, 2006))  
It is very important to acknowledge that the surface area measured by adsorption tests is not a 
definite number or a fixed property of a porous structure. This means that, based on their shape 
and size, pores can be open or closed to specific adsorbate molecules. Adsorption decreases due 
Adsorbate molecules 
Adsorbent surface molecule 
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to lower pore accessibility with increasing size of adsorbate molecules. Therefore, the surface 
area measured by different adsorbates could be significantly different to one another (Marsh 
and Rodriguez-Reinoso, 2006).      
It should be also noted that the BET model was initially developed to describe adsorption on 
non-porous solids, exhibiting isotherm Type II, though later it was found to be applicable on 
microporous materials as well. However, there is still argument over using this model for 
highly microporous structures, due to the differences in micropore filling mechanism occurring 
in such materials (Bansal and Goyal, 2005). More criticisms have been raised on the 
assumption of energy homogeneity on all adsorption sites and ignoring the interaction forces 
between adsorbate molecules with each other, which are from negligible (Gregg and Sing, 
1982).       
Bearing in mind all the simplifying assumptions and shortcomings of the BET model, it is still 
one of the most commonly used models in characterisation of porous structures, even 
microporous solids. It has been established by Sing et al. (1985) that the BET model is indeed 
applicable for isotherms Type II and IV, provided that the C value of Equation 1-8 is neither 
too low nor too high, and the model linearity is satisfied in the region of the isotherm 
containing Point B.         
1.6.8 t-plot model 
The t-plot method, introduced by Lippens and co-workers in 1964-1965 (Lippens et al., 1964, 
Lippens and de Boer, 1965) provides useful information on adsorption mechanism and porous 
structure of solids. The t-plot method is based on the assumption that adsorption of gases by 
homogeneous non-porous solid occurs according to the perfect mechanism of surface coverage 
followed by multilayer adsorption (San Miquel, 1999). 
The method employs isotherms derived from plotting the amount adsorbed against the film 
thickness (t) of adsorbed layer in a normal gas-solid adsorption test. The t-plot equation was 
developed based upon the linearity of this plot (amount adsorbed and the film thickness) for the 
adsorption of gas on a standard non-porous solid. Accordingly, the t-plot equation is expressed 
as:   
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! ! !!!!                                                                                                                          Equation 1-10 
Where:  t = average thickness of the adsorbate layer 
  ! = average thickness of a single layer of gas molecule 
V = volume of gas adsorbed  
Vm = volume of gas adsorbed in the monolayer  
 
Any deviation from the linear (non-porous solid) form of this equation, is indicative of presence 
of different types of porosity. As illustrated in Figure 1-23, four shapes of t-plots are recognised 
for solids: (i) linear t-plot (zero intercept) for non-porous and macroporous solids, indicative of 
layer-by-layer adsorption mechanism, (ii) linear t-plot (non-zero intercept) for microporous 
solid, indicative of more adsorption capacity at lower pressures due to higher surface area of 
micropores, (iii) mesoporous solids with an upward deviation from non-porous solid t-plot, 
caused by the capillary condensation in mesopores, and (iv) micro and mesoporous solid plot 
which is a combination of type (ii) and (iii), indicating the subsequent adsorption in micropores 
followed by meso and macropores (Coulter®, 1991).   
 
Figure 1-23 Characteristic t-plot curves (Coulter®, 1991) 
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In addition to pore structure, surface area and micropore volume can also be obtained from the 
t-plot. For a porous solid with micro, meso and macropores, the t-plot should contain two linear 
regions where the first region represents the micropore filling and surface coverage of larger 
pores: the second region representing the multilayer adsorption in meso and macropores. Total 
surface area can be obtained from extrapolation of the first linear region to the origin (usually 
agrees with BET surface area), while the slope of second linear part determine external surface 
area or surface area not related to micropores. Extrapolation of second linear region of t-plot to 
vertical axis can be used to calculate total micropore volume (Coulter®, 1991). 
At the end, it should be noted that the parameter Vm, representing the volume of gas adsorbed 
in the monolayer, is derived from the BET model. This will make the t-plot method necessarily 
dependant on the BET evaluation of monolayer capacity. Therefore, it is clear that the use of 
this model will be restricted to those systems where the BET monolayer capacity is well 
defined (Bhambhani et al., 1972, Gregg and Sing, 1982).    
1.6.9 Pore size distribution models 
1.6.9.1 Mesopore size distribution 
Among all adsorption isotherms introduced in previous sections, the study of pore size 
distribution is only limited to isotherms of Type I and IV. The latter, being indicative of micro-
mesoporous materials, is observed for many activated carbons. The study of pore size 
distribution is closely related to the concept of capillary condensation in mesopores; indeed this 
phenomenon and its quantitative expression of the Kelvin equation is the basis of all methods 
of pore size distribution calculation (Gregg and Sing, 1982).  
Capillary condensation was first introduced by Zsigmondy in 1911 to describe the adsorption of 
gases and vapours on porous solids. The theory suggests that adsorbate molecules are adsorbed 
in mesopores by initial pore wall coverage, followed by multilayer adsorption, and eventually 
adsorption via a condensation mechanism at the condensation vapour pressure of gas molecules 
(Bansal and Goyal, 2005). Vapour condensation phenomenon takes place on a porous solid 
where the pore diameter is several times larger than the molecule size of the adsorbate. Under 
these conditions, the thickness of the multilayer on the pore walls increases with pressure until 
the multilayer form surrounding walls join at the narrowest section, forming a meniscus of 
condensed adsorbate (Figure 1-24) (Bansal and Goyal, 2005). 
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Figure 1-24 the formation of a concave meniscus through capillary condensation 
Assuming a cylindrical pore, the Kelvin equation correlates the pore radii to the critical 
pressure under which condensation occurs. The equation can be derived from the Young-
Laplace equation, in which the relationship between the pressures on opposite sides of a liquid-
vapour interface is expressed. From the simultaneous equations describing the physiochemical 
and mechanical equilibrium of a liquid with its vapour on a concave meniscus, the final form of 
Kelvin equation can be expressed as:  
!"# !!! ! ! !!!!!"!!                                                                                                        Equation 1-11 
In which, ! is the surface tension of liquid adsorbate, !!is the molar volume of liquid, R is the 
gas constant, K is temperature and !! is the mean radius of the meniscus curvature. From this 
equation, the vapour over a concave meniscus is condensed at some pressure below the 
saturated pressure, determined by the value of the Kelvin radius (Gregg and Sing, 1982). This 
theory has been used as the basis of many methodologies to calculate the pore size distribution. 
The method introduced and employed in the present work was developed by Barrett, Joyner 
and Halenda (1951), known as BJH, which applies the desorption isotherm to calculate the 
mesopore size distribution. 
With the assumption of a cylindrical pore, the total amount of adsorbate in pores is comprised a 
liquid core, plus the thin film thickness of gas adsorbed onto the pore walls. Using the Kelvin 
thickness capillary condensation pressure, the pore size can be determined from the liquid core 
plus film thickness. More detailed information on these calculations can be found in Barrett et 
al. (1951). Due to various assumptions, it should be noted that the pore size calculations should 
always be applied with caution and is only of comparative use.       
rm 
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1.6.9.2        Micropore size distribution 
The study of micropore size distribution for pores with average radii of <2nm was carried out 
by Horvath and Kawazoe (1983) (the HK method). The HK model is a theoretical model based 
on the progressive pore filling of micropore materials with increasing adsorbate pressure. The 
underlying basis of this model is the correlation between free energy of adsorption and the 
interaction energy of the adsorbate molecule in the pore (Tóth, 2002).  
The HK model is only applicable for certain pore diameters, usually of less than 2nm 
(micropores). Although the model was initially developed for the slit shaped pores, it was later 
revised for cylindrical and spherical pores by others. The equation used as the basis of all HK 
model variations can be expressed as:  
!" !" !!! ! !! ! !!                                                                                                   Equation 1-12 
Where:  R = the gas constant 8.314 J/mol.K  
T = absolute temperature in K 
U0 = adsorbate-adsorbent interaction energy 
Pa = adsorbate-adsorbate interaction energy  
 
The right hand side of the HK equation represents pore geometry and dimensions, which is 
correlated to the relative pressure on the left side of the equation. Accordingly, the threshold 
pressure at which pore filling occurs for any pore dimension (pore width in the case of slit 
shape and radius in the case of curved/spheroidal pores) can be obtained over the expected pore 
size range. Using the adsorption isotherms such as what is obtained from nitrogen adsorption 
on porous structures, the pore dimensions can be correlated to the adsorbed amount in a 
cumulative pore size distribution plot (Tóth, 2002).  
1.6.10 Liquid-phase Adsorption  
Characterisation of liquid-phase adsorption for activated carbons is of great interest, as these 
adsorbents are widely applied in many areas of industry for purification, decolourization and 
detoxification of liquids such as water, oils and wines. Adsorption from aqueous phase is 
studied in two categories: adsorption of solutes with limited solubility or from dilute solutions 
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and adsorption of solutes which are completely miscible with the solvent at any concentration. 
In the latter form, adsorption of both components of solution (i.e. solvent and solute) can take 
place, implying that adsorption of the solvent is also of significance and not negligible (Bansal 
and Goyal, 2005).  
Adsorption from dilute solutions, applied in the present research, is only limited to the solute 
molecules and is studied through Kinetic and Equilibrium analysis. The isotherm produced 
from the kinetic study illustrates the changes of concentration against time, normally ending 
with a final plateau where maximum uptake capacity is achieved.  
The kinetic study provides information about the mechanism of adsorption from solution, 
mainly discussed in three steps: (i) transport of adsorbate molecules from the bulk solution to 
the external surface of the adsorbent through external diffusion; (ii) migration of adsorbent 
along the solid phase (surface diffusion) parallel with transport of adsorbate from the surface 
into internal sites by internal diffusion and (iii) adsorption of solute on the active sites on 
interior surfaces of pores (Faust and Aly, 1998).   
The equilibrium study is designed to produce isotherms showing the adsorbed amount against 
equilibrium concentration. There are similarities to gas-phase adsorption, with factors such as 
the accessible surface area and pore size influencing the adsorption process, alongside the 
adsorbent particle size, surface chemistry, temperature and pH of solution, as well as polarity of 
components. Hence there are many influences  which can dramatically affect the adsorption 
from solutions (Faust and Aly, 1998, Bansal et al., 1988).  
Various models have been developed to describe adsorption from solution. Application of these 
models results in parameters that can be used to characterise different adsorption systems. The 
Langmuir and Freundlich models are usually most applied for the interpretation of aqueous 
adsorption and will be discussed briefly in the next two sections.        
1.6.10.1 Freundlich model 
The Freundlich model is one of the earliest empirical models and is perhaps the most widely 
used model in the interpretation of adsorption from solutions (Faust and Aly, 1998). This model 
usually represents the situation where adsorption capacity increases in parallel to the 
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concentration of the adsorbate in solution. The non-linear form of the Freundlich equation is 
expressed as:  
!! ! !!!!!!!                                                                                                                Equation 1-13 
Where:  !! = the amount of solute adsorbed per unit weight of adsorbent 
Ce = equilibrium concentration of solute 
Kf = constant related to adsorption capacity 
N = constant related to adsorption intensity  
 
In order to linearise the data, this equation is also expressed in logarithmic form:  
 !"#!! ! !"# !! ! !! !"# !!                                                                                            Equation 1-14 
The values of n and !! can be obtained from slope and intercept of the linear plot. The 
parameter n is attributed to the energy heterogeneity of the adsorption surface, i.e. adsorption 
intensity or affinity. Thus, steep slopes are indicative of high adsorptive capacity at high 
equilibrium concentration, with rapid reduction at lower concentrations (Faust and Aly, 1998, 
Bansal and Goyal, 2005).  
1.6.10.2 Langmuir model for liquid-phase   
The underlying theory of the Langmuir equation for adsorption from solutions is similar to 
what was discussed earlier for gas phase adsorption (see section 1.6.6); thus similar 
assumptions apply. For adsorption from solution, the Langmuir equation (Equation 1-7) is 
transformed to the following form, in which gas pressure is substituted by solution 
concentration at equilibrium:  
!!!! ! !"!!!!"!                                                                                                                    Equation 1-15 
 
Where:  qe = the amount of solute adsorbed per unit weight of adsorbent  
Q0 = the amount of solute adsorbed per unit weight of adsorbent    
required for monolayer coverage 
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Ce = equilibrium concentration of solute 
   B = Langmuir model constant related to rate of adsorption 
 
When reporting a Langmuir model for an adsorption test, the value of !!!! is typically plotted 
against 1/Ce, which results in a straight line having a slope of !!!!!!and intercept of !!!! 
(Faust and Aly, 1998). The Langmuir parameter !! represents the monolayer adsorption 
capacity, or total adsorption capacity based on the assumption that only a single layer of 
adsorbent molecules can be formed on the pore walls. !! can be used to determine the specific 
surface area of the adsorbent by using a solute of known molecular area. b on the other hand is 
a parameter representing the interaction energy between adsorbate molecule and surface of 
adsorbent.      
Gathered from the work of other researchers, it has been established by Faust and Aly (1998) 
that the conformity of the isotherms to the linear Langmuir model does not imply that the 
assumption of ideal localized monolayer model is necessarily applicable. In fact, obtaining 
reasonable values for constant b, for instance, may be the result of cancellation of some internal 
opposing effects, such as interactions between adjacent molecules and surface non-uniformity 
which have been originally assumed to be negligible. Therefore, conformity of the Langmuir 
model should be interpreted considering other adsorbent properties such as type of porosity and 
gas-adsorption isotherms. 
1.6.11 Surface chemistry of activated carbons 
Owing to the high chemical reactivity at the edges of graphitic-like layers (up to 17-20 times 
more than basal plane surface), microcrystalline carbons can exhibit specific chemical 
structure. X-ray diffraction studies have shown that considerable amounts of oxygen, hydrogen, 
and even sometimes nitrogen and sulphur are bonded to the edges of aromatic graphitic-like 
sheets, producing compounds known as surface functional groups. Carbon-oxygen groups are 
one of the most important groups affecting the fundamental properties of active carbons, such 
as; wettability, polarity, acidity and its physio-chemical properties (Bansal and Goyal, 2005).   
Three types of carbon-oxygen functional groups have been recognised; acidic, basic and 
neutral. The formation of each type of functional group is strongly affected by the production 
conditions of the carbon, such as temperature. Acidic groups, being well characterised and less 
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stable, are formed when carbon is treated with oxygen at low temperatures (<400°C). Basic 
groups on the hand are formed when carbon is in contact with oxygen after being treated at 
high temperature (of about 1000°C) in an inert atmosphere (Bansal and Goyal, 2005).  
Numerous studies can be found in the literature investigating the effect of carbon functional 
groups on adsorption capacity. For one example, Coughlin and Ezra (1968) investigated the 
role of surface acidity in the adsorption of organic pollutants such as phenols and reported 
considerable reduction in the adsorption capacity with increasing surface oxides. The extent of 
adsorption, especially from liquid phase, was found to be strongly linked to the composition of 
the carbon surface chemistry.  
From the literature review presented here, it can be generally inferred that activated carbons 
present a complex system which offer adsorption behaviour attributable to several 
interconnected properties including surface area, porosity and surface chemistry. The complex 
properties of activated carbons, being dependant on many factors including the production 
conditions, could be optimised using a systematic optimisation approach such as Response 
Surface Methodology (RSM). This method, which was also used in the present work, is 
introduced in the following section.    
1.7 Response Surface Methodology 
Response Surface Methodology (RSM) is a powerful technique which employs a combination 
of statistical and mathematical skills to develop, improve and optimise processes. RSM is the 
most commonly used method in optimisation of industrial processes, especially when there are 
several input variables which can be influential on the performance or quality characteristics of 
a product or process (i.e. response) (Myers et al., 2009).      
RSM was first introduced by Box and Wilson (1951) for process optimisation in the chemistry 
field. However, the method was believed to be applicable in other fields where experiments are 
sequential with rather small errors (Box and Wilson, 1951). Since 1951, RSM has been used for 
many types of industrial processes in order to investigate the behaviour of a particular system at 
a specific region, optimisation of the process and selection of operating conditions for specific 
objectives. Even in cases where optimisation is beyond the boundaries of the experiment, the 
RSM is still beneficial as it can provide better understanding of response and sometimes to 
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evaluate the experiment condition and identify new conditions for the experiment to achieve the 
desired results (Myers et al., 2009).  
This method performs a multiple regression analysis of the results from properly designed 
experiments. The analysis will lead to a mathematical relationship between the response and 
process independent variables. The regression models can be indicative of individual and 
interactive effects of the test variables on the process and usually belong to one of the three 
classes of: (i) first order polynomial (indicative of main effects only), (ii) first order polynomial 
enhanced with two factor interactions and (iii) second-order models which considers complete 
quadratic effects (Myers et al., 2009, Banks, 1998). The response surface can be visualized 
graphically in the form of 3-D plots or by contour plots as seen in Figure 1-25. 
 
Figure 1-25 An example of visualization of response surface as a function of two factors  
(a) 3-D plot, (b) Contour plot (Myers et al., 2009) 
RSM is a sequential process, generally accomplished in four phases. The first step involves 
investigation of all possible affecting factors and identifying those with significant effect on the 
response. This step, usually called screening tests, involves a long list of parameters, which can 
be reduced to a few based on the statistical analysis of test results. The screening tests are the 
first building block of the response surface methodology. Subsequently the next task is to 
identify the region, or level of the independent variables which result in responses in the 
vicinity of the optimum result. This step guarantees that the variable constraints to be used in 
the next steps, include the optimum conditions and that the process can actually achieve that 
optimum within the selected range of variables.         
Following the screening tests, the next step involves the accurate approximation (modelling) of 
the response within a relatively small region around the optimum point. Usually second-order 
models are employed at this stage to describe the surface curvature, whereas in the earlier 
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stages of the study first order models were sufficient. The model can be then optimised by 
using the mathematical and statistical techniques (Myers et al., 2009). RSM has interesting 
features compared to other experimental designs making this method highly preferred by 
researchers; in addition to the simultaneous study of the independent variables, RSM helps to 
reduce the number of experiments efficiently by selecting a few experiments, which are best 
representatives of the test domain to investigate the response. Accordingly, the selection of 
these experiments (points), i.e. the experimental design is discussed in the following section.    
1.7.1 The design of experiments 
The results drawn from a research study depend, to a large extent, on the manner of which data 
is collected. If the study is to be performed most efficiently, a scientific approach must be 
considered for planning the experiments. The statistical design of experiments, in this regard, is 
one of the most successful and efficient means of achieving desirable outcome (Montgomery, 
1976).     
Experimental design can be defined as the selection of combinations of factor levels to be 
tested in a series of experiments (Banks, 1998). An advanced experimental design should result 
in a good fit of the model to the data, provide sufficient information, to be insensitive to errors, 
time and cost effective and exhibit good distribution of data points. The traditional 
experimental designs generally include the investigation of the effect of single parameter at a 
time by changing that parameter and keeping others content. This method called “one factor at 
a time” requires time and effort because the effect of only one factor is studied at each test 
series (Myers et al., 2009). Based on the number of independent factors and levels, the 
experiment designs can be categorized into two level or multi-level designs. The most common 
design types are discussed in the next two sections.  
1.7.2 Two Level Designs  
Two level factorial designs are used when the combined effect of several factors is to be 
investigated in a process where each factor has two levels of interest only. These two levels 
could be the two numerical values in the case of quantitative process factors, or representative 
qualitative variables. As the response between the two levels of independent variables is not 
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investigated in these designs, mainly first order models (Equation 1-16) are utilised in 
expressing such responses.  
! ! !! ! !!!!!!!! ! !                                                                                             Equation 1-16 
In which, !! is intercept, !!! is the linear coefficient term, and!! is the error term including 
effects such as measurement errors, background noise, the effect of other variables, etc. A full 
factorial design has 2k runs or trials composed from all possible interactions between k factors; 
Figure 1-26 demonstrates two full factorial designs for two and three variables.  
 
    (a)                                  (b) 
 
Figure 1-26 2k full factorial designs for (a) 2 factors (b) 3 factors 
Full factorial designs are variance optimal; an optimal design is capable of estimating the model 
parameters without bias8 and with minimum variances. A non-optimal design requires larger 
number of experiments to estimate the parameters with the same precision. However in a 2k 
design, as the number of independent variables increase, the number of runs will double at each 
step. Therefore a full factorial design would be very large and beyond the researchers’ 
resources in most cases. In such cases, a fraction of 2k (Fractional Factorial Design) can lead to 
a desirable result based upon the assumption that certain high-order interactions between 
factors are negligible.  
Full and fractional factorial designs are widely used in the preliminary steps of a study, 
especially for the design of screening tests. A different class of incomplete or fractional 
                                                      
 
"!Bias of an estimator is the difference between estimator’s expected value and the real value of estimated 
parameter.!!
(1,1)
(1,-1)(-1,-1)
(-1,1)
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factorial design is Plackett and Burman design (Plackett and Burman, 1946), in which the 
number of experiments are even smaller than the fractional factorial. However, because of 
some complications due to its alias structure, it should be used with caution. Alias structure 
refers to interactions with similar effects and will be further discussed in Chapter 4 and 
Appendix I.    
1.7.3 Multi level Designs 
Multi level designs refer to those which apply variables in more than two levels. Composite 
Central Design (CCD), introduced by Box and Wilson (Box and Wilson, 1951), is one of the 
most popular multi level designs for a second order response surface. As seen in Figure 1-27 for 
two and three variable designs, the CCD design is comprised of 2k factorial points, 2K axial 
points and nc central points; thus a total number of 2k+2k+nc tests are required in a CCD design.  
 
(a)                                              (b) 
 
Figure 1-27 CCD designs (a) with 2 factors 2-D, (b) with 3 factors 3-D 
Another frequently used multi-level design is Box-Behnken design (BBD) introduced by Box 
and Behnken (1960). The Box-Behnken design, illustrated in Figure 1-28, is an independent 
quadratic design that does not contain an embedded factorial or fractional factorial design, thus 
no points at the vertices of the experiment region. Instead, the treatment combinations are at the 
midpoints of edges of the process space and at the centre. This could be advantageous in cases 
where the edge points are experimentally expensive or impossible to achieve because of 
physical constraints. The CCD and BBD are efficient designs in terms of good model parameter 
estimation (Myers et al., 2009).  
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(a)                                             (b) 
 
Figure 1-28 Box-Behnken design with 2 variable factors 2-D, (b) with 3 factors 3-D  
Although less well-known, the uniform shell design proposed by Doehlert (1970) is another 
useful multivariate design. The Doehlert Matrix (DM) describes a spherical experimental 
domain, with fewer total number of points than central composite design (CCD). When there 
are only two variables, the domain consists of one point at the centre and six points forming a 
regular hexagon on a circle. Where k is the number of variables, the Doehlert method requires 
k2+k+1 experiments (Ferreira et al., 2004). Figure 1-29 illustrates the DM design for two and 
three variables. 
 
        (a)                                                    (b) 
 
Figure 1-29 Doehlert design in (a) 2-D with 2 variable, (b) 3-D with 3 variables 
The Doehlert design has interesting characteristics compared with other methods which also 
makes it more favourable for the present work (Ferreira et al., 2004, Massart et al., 1997): 
The independent variables in a Doehlert design can be implemented at different levels, for 
example; in the case of two variables, one is set at three and the other at five levels. This could 
be of interest while in other designs all variables are at similar levels. To illustrate; the central 
(0,1)
(1,0)(0,0)(-1,0)
(0,-1)
(1,0)(-1,0)
(-0.5,0.866)
(0,0)
(0.5,0.866)
(0.5,-0.866)(-0.5,-0.866)
(0,1)
(0,-1)
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composite design (CCD) has 5 levels of each variable; the BBD has three levels of each factor. 
It is preferable to employ the factor with higher expected effect at five levels.  
The Doehlert design is also more efficient than the other two methods because fewer tests are 
required to generate the equivalent (or more) data. The efficiency of CCD, BBD and DM is 
compared in Table 1-6.  Efficiency here is defined as the ratio of number of coefficients in a 
second order quadratic model for k variables, with the number of experiments required in the 
investigation of those k independent factors. 
Table 1-6 Number of experiments and efficiency of Experimental Design Methods; CCD, DM BBD 
(Ferreira et al., 2004) 
 
*One centre point only 
 
Finally the most important characteristic of DM is its potential for sequantiality.  For example, 
if the researchers observed at some point that the boundaries was not selected correctly for one 
of the independent variables, or simply if it was found useful to investigate a region out of the 
initial boundaries, a part of the experiments can be still re-used in the design with new 
boundaries (Massart et al., 1997, Aujame et al., 2000). Moreover, this design also allows for 
changing the number of variables. This is very important in cases where decision making at the 
initial stages of the study is difficult and thus is likely to be revised at later stages.    
As multi level designs provide information on the middle points of experimental region as well 
the corners, the modelling of corresponding response surfaces are usually carried out using 
second order models which can describe the surface curvature. Where a certain response (Y) is 
a function of the levels of the variables i.e. Y=f(x1, x2, x3, ... , xn), second order models consider 
the effect of each factor and the interaction between them. In most cases a second order full 
quadratic model can describe well-behaved response as formulated in the following form:  
! ! !! ! !!!!!!!! ! !!!!!!! ! !!"!!!!!!!!!!!!!!!!!!!! ! !                                    Equation 1-17 
Variables 
(k)
Number of 
Coefficients (p)
Number of experiments 
(n) Efficiency    (p/n)
CCD* DM BBD CCD* DM BBD
2
3
4
5
6
7
8
6
10
15
21
28
36
45
9
15
25
43
77
143
273
7
13
21
31
43
57
73
-
13
25
41
61
85
113
0.67
0.67
0.60
0.49
0.36
0.25
0.16
0.86
0.77
0.71
0.68
0.65
0.63
0.62
-
0.77
0.60
0.61
0.46
0.42
0.40
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In which, !! is intercept, !!! is the linear coefficient term, !!! is the quadratic term and !!" 
indicates the correlation between variables and !!is the error term. These regression models are 
empirical models developed from data obtained through experimental designs. The 
mathematical methods to develop first and second order models and related statistical analysis 
of data will be further discussed in Chapter 4 and 5, where screening tests and response 
surfaces are analysed.       
1.7.3.1 The application of multi-level designs in literature  
Multi-level designs are widely used by researchers in many optimisation studies. For example, 
the use of multi-variant designs in the process optimisation of analytical chemistry has been 
growing in recent years. Example of these studies include the optimisation of solid and liquid 
phase extraction (Barbosa et al., 2007, Baranda et al., 2005), sample digestion procedure 
(Hristozov et al., 2004) and optimisation of instrument parameters such as Thermogravimetry 
(Felsner et al., 2004) and Inductively Coupled Plasma (ICP) (Villaneuva et al., 2000). In the 
field of production, process optimisation and characterisation of active carbon, the response 
surface methodology employing multivariate designs, has been used for various raw materials. 
Table 1-7 summarizes some of the works carried out in this field, using both conventional and 
microwave techniques.       
Table 1-7 The application of RSM in the production of activated carbons 
 
Authors DOE1 Independent Variables 
Activation 
Method 
Raw 
Material 
Heating 
Technique 
Karacan et al. (2007)  CCD2  5 Chemical  Lignite  Conventional  
Hameed et al. (2008)  CCD  2 Physiochemical  Oil palm fibre  Conventional  
Tan et al. (2008a)  CCD  2 Physiochemical  Coconut husk  Conventional  
Gratuito et al. (2008)  FFD3  3 Chemical  Coconut shell  Conventional  
Sahu et al. (2010)  CCD  4 Chemical  Tamarind wood  Conventional  
Ravikumar et al. (2005)  CCD  4 Physical  Fly ash & carbon  Conventional  
Baçaoui et al. (2001)  DM4  2 Physical  Olive waste cake  Conventional  
Azargohar and Dalai (2005)  CCD  3 Physical  Luscar char  Conventional  
Ahmad and Alrozi (2010)  CCD  3 Physiochemical  Mangosteen peel  Conventional  
Xin-hui et al. (2011a)  FFD  3 Physical  Jatropha hull  Microwave  
Xin-hui et al. (2011b)  CCD  3 Physical  Jatropha Hull  Microwave  
Zhong et al. (2012)  CCD  3 Chemical  Peanut hull  Microwave  
1DOE: Design of Experimznts, 2CCD: Composite Central Design, 3FFD: Fractional Factorial Design, 
4DM: Doehlert Matrix. 
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The literature review showed that less required lab work and materials, along with the statistical 
analysis achievable through multivariate optimisations, has contributed to easier, yet more 
sophisticated and systematic research, in many areas. It should be mentioned that the study of 
interaction effects is one very important feature of the multivariate optimisation which is not 
available in “single factor at a time” optimisation studies. In fact, the higher the interaction 
effects, the greater the possibility of failure of single variant optimisations. This is due to the 
fact that the level of one factor might be strongly dependent on the level of other factors, which 
cannot be observed through single variant optimisation (Ferreira et al., 2007).       
1.8 Process Optimization 
1.8.1 Single objective optimisation 
Optimization is defined as finding the best operational conditions to achieve the most desirable 
result within reasonable variable constraints. An optimization problem usually consists of an 
objective function, defined on a set of variables, and some constraints. The problem constraints 
are identified according to the variable feasibility region and process desiarability. Optimization 
is performed at different levels of mathematical, scientific, operational and engineering, each 
looking at the problem from a specific prospective. In most industrial problems, the objective is 
to minimise the cost or maximizing the efficiency, which can be achieved through statistical-
mathematical approaches. However, the final decision making should take place at operational-
engineering level, as well as pure mathematical solutions.  
Graphical inspection of response surface is a common method used for optimum recognition. 
Investigation of the geometry of a response surface by visualization allows us to determine the 
maximum, minimum or saddle point (minimax) area roughly on the surface. However, 
identifying the precise location and value of the optimum point only can be achieved by 
mathematical methods. For instance, Langrage’s method is a mathematical approach to 
determine the nature of the stationary point of a response. This method is based on the 
calculation of the Hessian determinant (Equation 1-19) of the response surface or objective 
function (Equation 1-18), expressed as: 
! ! !!!!!!! !!!! !!!!!!!!!!! !!!!!!!!! !!!! !!!!!!!!!!!!! !!!   ! ! !!!!!!! ! !!!!!!! ! !!!!!!! !!!!!!!                                       Equation 1-18 
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! ! !! ! !!!! ! !!!! ! !!!!!!! ! !!!!!!! ! !! !! !!!!                                      Equation 1-19                                                         
If ! !!!! !!! ! ! and !!!!"! !!!! !!! ! !!then !!!! !!!  is a maximum, ! !!!! !!! ! ! and !!!!"! !!!! !!! ! ! then !!!! !!!  is a minimum. If a saddle point emerged then we 
have!! !!!! !!! ! !. In addition to the mathematical methods, employing basic numerical 
methods is also beneficial in simple optimisation problems. In these methods locating the 
optimum point is achieved through local (node by node) investigation of the response to 
identify the conditions where the objective is satisfied, subject to applicable constraints. 
1.8.2 Multi-objective optimisation 
In many real world industrial problems, the optimisation is not only limited to one objective; in 
other words, the optimisation of one objective is confound or restricted by other objectives for 
example cost, energy consumption and efficiency. When only two variables are involved (two 
dimensional problem), one way to solve such problems is the inspection of superimposed 
response surfaces of all objective functions, simultaneously (Lee et al., 1999). This could be 
achieved by using the contour plots or 3-D surfaces, defined as a function of the variable 
factors. The method will result in determination of a region with optimum condition, 
considering all objective functions and corresponding constraints. Many such optimisation 
problems can be solved using this method; however, the method is not applicable for problems 
with more than two variable factors, for which more sophisticated statistical-mathematical 
solutions should be used.  
Unlike single objective optimisation problems, the multi-objective problems do not have a 
single solution representing the optimum point. In fact such problems give rise to a set of 
“trade–off” optimal solutions, known as “Pareto Optimal” solutions. A Pareto Optimal solution 
set (for a minimisation problem) represents a region where all the rest of the region has a higher 
value for at least one of the objective functions. These solutions are usually a set of curves; any 
two of them constitute a compromise between objective functions. While moving from one 
Pareto solution to another, there is always some level sacrifice involved with regard to one 
objective, in order to achieve a certain amount of gain in another objective (Deb, 2005, Caramia 
and Dell´Olmo., 2008, Konak et al., 2006).  
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The diagram of Figure 1-30 shows the procedure of finding the Pareto curves schematically. 
Through Step I, the multiple trade off solutions are found, each achieved at different minimized 
objective functions (fi). In Step II, the higher level qualitative considerations will be employed 
to make a choice from the set of solutions.  
   
 
 
 
 
 
 
 
 
Figure 1-30 Schematic procedure of an ideal multi objective optimisation (Deb, 2005) 
There are different approaches for the ideal multi-objective optimisation (the second box in 
Figure 1-30); a complete review of the these methods can be found in the work of Ruzika and 
Wiecek (2005). However, once the objective functions were identified through RSM model 
fitting procedure, in the current study a simplified numerical method was used to produce the 
Pareto curves.  The method was developed by programming software MATAB, which enables 
the point by point investigation of objective functions and selection of the region at which each 
objective function is minimized separately within problem constraints.  
1.9  Summary  
The production of activated carbon from different waste biomass (e.g. rice husk, olive waste 
and nut shells) has been investigated in numerous works, some of which summarized in this 
Problem notation: 
 
min [f1(x), f2(x), ..., fw(x)] 
suect to [g1(x), g2(x), ..., gw(x)]=#0 
x $ S (constraints) 
Multi-objective optimisation problem 
Minimize f1 
Minimize f2 
... 
Minimize fw 
Subject to constraints 
Ideal 
multi-objective 
optimiser 
Multiple trade-off solutions found 
 
 
Higher level information 
Choose one solution 
 
 
Step I 
Step II 
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chapter. The objective of these works was mainly to provide low cost, abundant raw material 
for the production of a valuable filter and adsorbent, as well as presenting a waste management 
remedy (producing Energy from Waste - EfW) in accordance with the policies set out by 
environmental agencies.  
The statistics from the Food and Agricultural Organisation (FAO) showed that hazelnut shells 
are annually produced in large amounts. It was gathered that these shells are generally 
incinerated or used as mulch or other low-value products. However, being a highly 
carbonaceous material, they could be a suitable raw material for the production of activated 
carbons. The process of activated carbon production is involved with the thermochemical 
conversion of biomass to char and bio-oil through carbonisation which is categorised as an EfW 
technique.   
In addition to the reduction of waste stream by EfW techniques (briefly introduced in this 
chapter), the literature review emphasised on the importance of the efficiency of heating 
methods in the reduction of emissions from such these processes. Accordingly, the properties of 
microwave heating were studied in comparison with the traditional conduction-convection 
heating methods. To provide a platform for this thesis, the literature review presented the 
research on the production of activated carbon from biomass using both conventional and 
microwave heating technique.  
Previous research showed that the unique properties of activated carbon, i.e. its high surface 
area, porosity and adsorption capacity, are strongly affected by the production conditions such 
as temperature, activation time and activating agent. A comprehensive method of experimental 
design known as Response Surface Methodology (RSM) was subsequently introduced in this 
chapter, to be used as a systematic method of investigating the effect of different factors on the 
production of activated carbon from hazelnut shells. Finally, the method of multi-objective 
optimisation was introduced to be used in the optimisation of activated carbon production 
process. The next chapter will introduce the aims and objectives set out to be achieved 
throughout the course of this thesis.        
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2. Chapter 2 
Research Aims and Objectives 
The literature survey showed that the production of activated carbon from hazelnut shells by 
using physical activation with steam has never been done in a systematic manner. Therefore, 
this project was initially focused on the optimisation of this process with the objective of 
minimising the total energy consumption. The application of commercially/environmentally 
optimised conditions can significantly contribute to the reduction of adverse effects of involved 
heating processes. Moreover, using alternative heating techniques could be of great interest due 
to possible energy savings as well as introducing new features to the product.  
Accordingly, the major aims of the current thesis were to optimise and compare the production 
of activated carbon from waste hazelnut shells using two heating techniques; conventional 
(thermal/radiant) and an alternative method i.e. microwave heating. Through systematic study 
and multi-objective optimisation of both production methods, decision-making solutions will be 
generated enabling manufacturers to choose the production conditions to achieve desirable 
product properties and minimum energy consumption. The project aims are approached through 
following steps:  
• Characterisation of structural and thermal properties of the raw material (hazelnut 
shells), to investigate its suitability for the purpose of this work and to provide basic 
understanding of the thermal events expected throughout the actual production process.   
 
• Optimisation of production method using conventional heating with an electric furnace: 
the single step carbonisation followed by steam activation of hazelnut shells was 
investigated through a two-step RSM study: 
 
(I) Identification of the most effective factors among main participating process 
factors through Screening Tests: this involves the appropriate design of 
experiments, production and characterisation of samples and eventually 
statistical analysis of the result to identify effective factors.     
 
(II) The study of the identified significant factors using a multi-level experimental 
design to produce responses at more than two levels of each factor: this step 
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eventually resulted in the mathematical modelling of the desired responses (e.g. 
activated carbon surface area and product yield).  
 
• Optimisation of the conventional production process by employing the multi-
objective optimisation tools: this step resultes in the production of decision making 
curves which present a set of optimised points, achieved through different criteria.     
 
• Investigation of microwave heating applied to the production of activated carbon from 
hazelnut shells which involves  two elements: firstly a study of the feasibility of 
microwave pyrolysis of hazelnut shells and secondly activation of hazelnut-shell char 
with steam.  
 
• Optimisation of activated carbon production from hazelnut shell derived chars with 
microwaves, achieved through a combination of conventional “one factor at a time” 
experimental method and RSM: the activated carbons produced from each production 
method will be characterised for their basic properties such as porous structure and 
adsorption capacity, and eventually compared to each other.  
Accordingly, the above project objectives are distributed throughout nine chapters as briefly 
described below. Each chapter of this thesis contains an introduction, description of materials 
and methods, presentation of experimental results with discussion and a final summary & 
conclusions (see Figure 2.1). 
Chapter 3.  Characterisation of feedstock 
This chapter is focused on the introduction and characterisation of the hazelnut shell raw 
material. The characterisation involves thermal analysis, proximate and elemental analysis, 
structural analysis (lignin and holocelluloses content), porous structure and the study of 
morphology (SEM) of hazelnut shells.   
Chapter 4.      Conventional method: Screening tests design and analysis 
In this chapter, a two level design is used to investigate the process factors with the highest 
influence on the properties of produced activated carbon. The chapter contains an overview of 
the literature relevant to the rationale upon which the factors are selected. The implementation 
of the two level design, statistical analysis and characterisation of samples are subsequently 
presented. Through this study, three out of the seven factors are selected for further 
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investigation as the changes in these were found to introduce the most significant effect on the 
properties of the product. 
 
Chapter 5.      Conventional method: Multi level design and optimisation 
A multi level design is implemented for the factors selected from the previous chapter, to 
produce second order models to desired responses. The multi level design and second order 
models produced here are able to estimate responses with middle points taken into account. 
Subsequently these responses are used for a multi objective optimisation and producing Pareto 
curves for final decision making according to production requirements.  
Chapter 6.      Microwave heating method: Initial studies 
The feasibility of using microwave heating in the carbonisation of hazelnut shells is 
investigated in this chapter. In the first part of this chapter, the influential factors in microwave 
heating of biomass are investigated. Two microwave setups, a modified domestic microwave 
and a commercial microwave RotoSYNTH, are described and characterised in terms of their 
efficiency and heating patterns. The carbonisation of hazelnut shells is examined using both 
microwave systems; subsequently, the results are discussed and compared. 
Chapter 7.      Microwave heating method: Activated carbon production and optimisation  
The activation of hazelnut shell derived char is investigated in this chapter. The study 
commences a screening tests on all participating factors in the steam activation of chars. 
Information is provided on the experimental setup, sample production and characterisation. The 
effects of the most influential factors according to the statistical analysis and those which are 
suspected to be influential are investigated in the next step, using both RSM and single-factor-
at-a-time experimental methods. In the end, process multi-objective optimisation is carried out 
to produce a set of optimum point using Pareto curves.   
Chapter 8.      Comparative study of microwave and conventional production methods 
The results from previous chapters, obtained from employing the conventional and microwave 
heating techniques, are compared in this chapter. The comparison is carried out on pore 
development patterns, activation rates and energy consumption. More specifically, two samples 
with the highest adsorption capacity from each production technique are compared in terms of 
their liquid and gas phase adsorption, surface chemistry, porous structure and their morphology. 
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Finally, the two production techniques are critically compared, based on their advantages and 
shortcomings.    
Chapter 9.      Concluding discussion  
The final chapter presents a summary of the work achieved in this thesis and the key outputs. 
Finally, some suggestions are provided forthe future work.  
 
Figure 2-1The thesis structure 
Chapter 1
Introduction and Literature Review
Chapter 2
Research Objectives
Chapter 3
Characterisation of Feedstock
Chapter 4
Conventional Method: Screening Tests 
Design and analysis
Chapter 5
Conventional Method: Multi Level 
Design and Optimisation
Optimisation of Conventional 
Production Method
Chapter 6
Microwave Heating Method: Initial 
Studies
Chapter 7
Microwave Heating Method: Activated 
Carbon Production and Optimisation
Investigation of Microwave Production 
Method
Chapter 8
A Comparative Analysis of Textural Properties of Microwave and Thermal 
Hazelnut Shell Activated Carbon
Chapter 9
Concluding Discussion and Contributions to Knowledge
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3. Chapter 3 
Characterisation of Feedstock 
3.1 Introduction 
The properties of the parent material can significantly influence the characteristics of the 
produced activated carbon and thus contributes to the interpretation of related results. 
Therefore, the first step of this study is dedicated to characterisation of the feedstock through 
the investigation of its thermal behaviour, organic and inorganic composition obtained from 
proximate and ultimate analysis, lignin content, ash testing and finally its porous structure. 
Accordingly, Section 3.2 of this chapter provides general information on hazelnut shells used as 
raw material in this work, followed by the fundamentals and procedure ofcharacterisation tests. 
Subsequently, Section 3.3 presents the results and discussions from these analyses, which 
confirms the suitability of hazelnut shells as a raw material forapplication in the production of 
activated carbon. 
3.2 Materials and methods 
3.2.1 Hazelnut shell 
Hazelnut shells used in this work was provided from a local seller in Qazvin, Iran and exported 
to the UK in two batches. The first batch of materials were sized between 1-15 mm and did not 
require any treatment before the experiments, whereas the second batch was dusty, contained 
very fine particles and was mixed with packaging materials such as plastic strings (Figure 3-1). 
Therefore, the second batch was sieved to the particle size of between 1-15 mm, in order to 
provide a sample with consistent particle size throughout the study and also to remove the dust 
and super fine particles. Both batches of hazelnut shells were characterised and compared to 
ensure similarity in thermal behaviour. 
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Figure 3-1 Feedstock received in two parts (a) batch I (b)batch II (c) cleaned batch II 
3.2.2 Thermal analysis 
Thermal analysis refersa range of techniques, involving measurement of physical and chemical 
changes of material with increasing temperature. Thermal Gravimetric Analysis (TGA) is one 
of the most common tests used to characterise materials, which provides information on the 
dynamics of the thermal process such as degradation temperature, maximum volatile releasing 
rate and its corresponding temperature. In this work, a Rheometric Scientific STA 1500 
Simultaneous Thermal analyser was used for the purpose of thermal analysis. The analysis is 
based on the data collected from constant weighting of sample during a heating programme 
under desired atmosphere. 
The instrument can provide dynamic thermogravimetric curves through its computer software, 
which plots weigh loss versus temperature or Thermogravimetry (TG) curves. The Derivative 
Thermogravimetry (DTG) plots are the first derivatives of the original TG curve, which 
indicates the critical points with the highest decomposition rate within the term of each thermal 
event. However, the nature of the reaction cannot be determined by only using the DTG curves. 
The instrument is also able to simultaneously measure the heat flow into the sample, as well as 
providing data on enthalpy changes, known as Differential Scanning Calorimetry (DSC) or heat 
flow curves. 
The thermogravimetry of hazelnut shells was carried out by placing accurately weighted 15±2 
mg of ground hazelnut shells into alumina micro-crucibles. The results from thermal analysis 
could slightly change with changing the particle size of sample (Kök et al., 1997), therefore 
samples were all crushed and sieved through a 500 µm mesh for this analysis. The crucible was 
placed on one side of the thermo-balance hang-down, along with an inert empty reference 
alumina crucible on the other hang-down, and then heated up to 1100°C. Heating was 
B 
A 
C 
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conducted under constant flow of nitrogen (57 ml/min). The TGA, DTG and DSC curves were 
subsequently produced using the recorded data by corresponding software. 
3.2.3 Proximate and elementalanalysis 
Proximate analysis is conducted to determine the moisture content, volatile matters, fixed 
carbon and ash content of materials. In addition to the traditional ASTM and BS standard test 
methods, this data can be also derived from the thermal analysis. The use of thermogravimetry 
is easier and less time consuming, therefore the STA 1500 thermal analyzer was used for the 
proximate analysis in this study. The heating program was adopted from the work of Robinson 
et al. (2009) with minor modifications. 
During the course of this analysis, the system was initially programmed to heat up to 105°C at 
50 °C/minand held for 10 minutes at that temperature under an inert atmosphere of nitrogen. 
This step was to provide sufficient time to measure the losses from moisture content extraction. 
To measure the volatile matter content, sample was heated up to 950°C at the same heating rate 
and held for 20 min. The isothermal stage provided enough time for the sample to reach a 
plateau in the weight loss curve. In order to measure the fixed carbon, the temperature dropped 
to 600° C, the gas flow was switched to air for 30 min and was held there for 30 min. The 
residue at the final point was taken as hazelnut shells ash content. The ash content was also 
separately measured following the standard ASTM-D2866 test method and compared with the 
results from TG. 
Ultimate or elemental analysis was carried out on the hazelnut shells to determine the carbon, 
hydrogen, nitrogen and sulphur composition of samples. The CHN analysis was performed by 
Medac Ltd, Surrey, UK, in duplicate. The heating value is also an important property of 
biomass and has been reported to correlate the basic characteristic of biomass including the data 
from ultimate and proximate analysis (Sheng and Azevedo, 2005, Demirbaş, 1997). Therefore, 
the calorific value of hazelnut shells were measured using a Parr 6100 oxygen calorimeter 
instrument and a 1108 oxygen combustion bomb. 
3.2.4 Cellulose, hemicelluloses and lignin content 
The main constituents of lignocellulosic materials are hemicelluloses, cellulose and lignin in 
different ratios. Possession of diverse composition by lignocellulosic materials becomes 
significantly important when thermal treatments are considered, as each constituent have 
different reactivity and will decompose at different temperatures (Haykiri-Acma et al., 2010). 
For example, biomass such as olive stones with hard structure mainly consists of high lignin 
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content, whereas woody biomass is usually rich in cellulose resulting in a fibrous structure. 
According to their structural composition, the resulting char from carbonisation of these 
materials shows different structures, with a spherical porous structure in case of hard wood and 
a more cylindrical porous structure for soft woody materials (Biagini et al., 2008). Therefore, 
providing information on the structural composition of such materials is of high importance and 
contributes to understanding the thermal events while subjected to heating treatment. 
The powdered hazelnut shells were subject to a set of standard tests (ASTM D1109-84, ASTM 
1106-96) to determine its lignin, hemicelluloses and celluloses composition. The measurement 
of lignin is based on the extraction of carbohydrates by strong acid; the solid residue is taken as 
the lignin content. Acid extraction usually proceeds after two stages of pre-treatment with 
alcohol to remove the resins, oils fats and waxes and treatment with hot water to remove the 
remaining water soluble materials (ASTM D1106, 1996).The hemicelluloses and degraded 
celluloses are measured using hot alkali (1% NaOH) extract. Cellulose content was calculated 
from difference (ASTM D1109, 1984). 
3.2.5 Gas adsorption test and isotherms 
The porous structure of hazelnut shells were investigated by nitrogen gas adsorption at 77K 
using a Coulter Omnisorp® 100 automated adsorption analyzer. The adsorption-desorption 
isotherms of hazelnut shells were obtained using continuous volumetric method, in which the 
adsorptive is continuously introduced to an under vacuum (p/p0=10-5-10-6 torr) sample at very 
slow flow rate (0.267 ml/min) up to a pressure limit of p/p0=0.98. During the test, sample is 
kept at a constant temperature in a liquid nitrogen bath (at about 77K). Prior to the 
measurements, all samples were degassed for up to 6 hours, to a vacuum pressure of between 
10-5 and 10-6 torr (San Miquel, 1999). The BET surface area was used as an indicative of initial 
adsorptive properties of hazelnut shells before any thermal treatments. 
3.3 Results and discussion 
3.3.1 Thermal behaviour of hazelnut shells 
3.3.1.1 TGA-DTGcurves 
The thermal behaviour of hazelnut shells (TG and DTG curves) is shown in Figure 3-2, when 
heated at 10°C/min up to 1100 °C under nitrogen gas. In order to characterise and compare the 
two batches of hazelnut shells, samples from both batches were analysed in Figure 3-3. The 
results show that the general thermal behaviour was similar for both samples. The main 
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difference is in the moisture content (~3.5% difference), which can be caused by different 
packaging conditions. 
 
Figure 3-2 TG and DTG plot of hazelnut shells with heating rate of 10 °C/min 
 
 
 
Figure 3-3 Thermal analysis of hazelnut shells batch I and II 
As seen in Figure 3-2, four main zones of decompositions can be identified associated with the 
peaks on the DTG curve. The first peak at temperatures under 100°C, identified as region A, is 
where the sample loses its moisture content and hydrated compounds. A rapid decrease in the 
weight initiates at around 220°C (region B and C) which can be related to decomposition of 
unstable constituents such as extractives and hemicelluloses and partly lignin (Haykiri-Acma et 
al., 2010). From the works of Gani and Naruse (2007), Williams and Besler (1996) and Cagnon 
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et al. (2009) these two regions (B and C) could be more specifically attributed to the 
decomposition of hemicelluloses and celluloses respectively. 
 
Figure 3-4 Hemicelluloses, cellulose and lignin TG-DTG experimental curves 
at 10 °C/min under nitrogen (Cagnon et al., 2009) 
Cagnon et al. (2009) considered the lignocellulosic materials as a combination of their basic 
components; celluloses, hemicelluloses and lignin (Figure 3-4). In their work the 
decomposition of hemicelluloses at around 295°C and decomposition of celluloses at around 
345°C was associated with the occurrence of two pronounced peaks in the DTG curves. 
However, in the case of hazelnut shells (Figure 3-2) due to the partial overlap of decomposition 
of cellulose and hemicelluloses at this temperature range, the peak in region B and C has 
demonstrated a shoulder rather than two well-defined peaks, also reported by Grønli et al. 
(2002 ) in thermal analysis of wood. Nevertheless, two partial peaks can be still detected clearly 
from the DTG curve at 305 and 350°C which arevery close to the related decomposition rates 
of celluloses and hemicelluloses in literature as presented here. 
The last phase of decomposition (region D), associated with a sharp decrease in the 
decomposition rate, is mainly related to lignin decomposition which takes place along with the 
occasional transformation of ash forming inorganics. The low decomposition rate of lignin 
could beattributed to its high level of aromaticity (Xie et al., 2009). No sudden decrease in 
weight was observed at later stages suggesting that the inorganics have not been melted or 
transformed dramatically at this heating rate. Therefore, the decomposition continues with 
relatively low rates until the end of the experiment (Haykiri-Acma et al., 2010). 
By comparison of the TG Plots of hazelnut shells with the results of thermal analysis of several 
types of other woody materials by Grønli et al. (2002 ), the thermal behaviour of hazelnut shells 
appears to match that of hard woods. This implies that higher lignin content is expected in 
comparison with softwoods such as redwood and spruce.  
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3.3.1.2 DSC curves 
The specific heat and heat flow plots of hazelnut shells from thermal decomposition at 10 
°C/min are presented in Figure 3-5. The decomposition of hazelnut shells is endothermic at 
temperatures below 250°C. We know from the literature (Wang et al., 2006, Pappa et al., 1995) 
that the endothermic reactionsin thermal analysis of biomass at these temperatures are 
attributed to dehydration and the decomposition of celluloses and hemicelluloses. Exothermic 
reactions at higher temperatures (400-500° C) are associated with the recombination of lignin 
degradation products (such as phenol and phenolic derivatives) which eventually leads to char 
formation. These exothermic reactions were explained by Kifani-Sahban et al. (1997) through 
thermal analysis of lignin at 10 °C/min. These workers attributed the exothermic reactions to 
the formation of a plastic phase due to crazing, which releases all the necessary heat for its 
formation and development. In agreement to these results, hazelnut shells exhibit exothermic 
reactions occurring at temperatures around 250 to 680 °C, as seen in Figure 3-5. 
 
Figure 3-5 Heat flow, specific heat and TG plot for hazelnut shells 
 
The precise chemical nature of reactions throughout the thermal decomposition of samples 
cannot be identified by thermal analysis and need to be combined with GC-MS (Gas 
chromatography-mass spectrometry) results. However, from the comprehensive work of other 
researchers it has been gathered (Williams and Besler, 1996) that decomposition of 
hemicelluloses results in the formation of hydrocarbons, CO2, water and char (Shafizadeh, 
1997). Similarly, decomposition of celluloses at low temperature (<300 °C) will result in the 
same products. At higher temperatures however, celluloses decompose to tar, mainly 
levoglucosan with aldehydes, ketones and organic acids, as well as CO, CO2, H2 and char 
(Antal et al., 1980, Shafizadeh, 1982). Lignin decomposition at low temperatures involves the 
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formation of CO, CO2, water, methanol andtar, and subsequently H2 and CO at high 
temperatures (Shafizadeh, 1982). 
3.3.2 Effect of heating rate on thermal profiles 
The effect of heating rate on the thermal analysis of hazelnut shellswas investigated at 2, 5, 10, 
20 and 40 °C/min heating rates. The corresponding TG, DTG and heat flow (DSC) curves are 
presented in Figure 3-6 to 3-8.  
 
Figure 3-6 TG plot for hazelnut shells with different heating rates of 2-40 °C/min 
 
Figure 3-7 DTG plots for hazelnut shells with different heating rates of 2-40 °C/min 
 
0 
20 
40 
60 
80 
100 
120 
0 200 400 600 800 1000 1200 
W
ei
gh
t l
os
s (
%
) 
Temperature (°C) 
HR 2 C/min HR 5 C/min HR 10 C/min HR 20 C/min HR 40 C/min 
-0.12 
-0.1 
-0.08 
-0.06 
-0.04 
-0.02 
0 
0.02 
0 200 400 600 800 1000 1200 
D
T
G
 (d
 w
ei
gh
t/d
 tw
m
pe
ra
tu
re
) 
Temperature (°C) 
HR 2 C/min HR 5 C/min HR 10 C/min HR 20 C/min HR 40 
Chapter 3 Characterisation of Feedstock!
!
97 
 
 
Figure 3-8 Heat flow (DSC) plots for hazelnut shells with different heating rates of 2-40 °C/min 
On increasing the heating rate, a lateral shiftis observed in the TG plots of hazelnut shells as 
shown in Figure 3-6. This lateral shift has been reported in the literature for other 
lignocellulosic materials and has been attributed to the differences in heat transfer mechanism 
and kinetics of decomposition at different heating rates (Williams and Besler, 1996). Moreover, 
the TG plots shift up slightly (lower weight loss), implying that devolatization has not been 
completed, whereas under slow heating rates, moisture and volatiles in the shells were extracted 
completely. 
Better resolution of weight loss regions are observed for slower heating rates in DTG curves, as 
shown in Figure 3-7. For heating rate of 40 °C/min, the “shoulder” associated with 
decomposition of hemicelluloses is nearly fully merged with the peak due to the decomposition 
of celluloses at higher temperature. The peaks related to decomposition of hemicelluloses and 
celluloses, is shifted towards higher temperatures as the heating rate increases. The observed 
shift in the  DTG curves is also in agreement with the results from Williams and Besler (1996) 
on the analysis of wood at different heating rates.  
The DSC curves from Figure 3-8 show considerable differences between low and high heating 
rates. At a moderate heating rate of 10 °C/min, the DSC curves associated with the endothermic 
region resultfrom the sudden elimination of moisture and hydrated compounds. However 
beyond this region, from 250 to 680 °C, exothermic reactions take place as discussed in the 
previous section. These exothermic reactions are amplified under higher heating rates of 20 and 
40°C /min during the thermal analysis of hazelnut shells, which is in agreement with the results 
from Haykiri-Acma et al. (2010). This is an expected effect because secondary decomposition 
of the formed char is avoided by reducing the retention/heating time. However, at very low 
heating rates (<10°C/min) endothermic reactions predominated over the whole temperature 
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range above 230°C; implying that the amount of energy released during the exothermic 
reactions is limited to certain temperatures and are hence masked by the simultaneous 
endothermic reactions which are occurring. Moreover, this effect could be due to the increase 
of crazing effect and amplifying the plastic formation phase as explained in Section 3.3.1.2. 
The thermal events at both high and low heating rates are completed with rather endothermic 
reactions, either dominant negative (2-5-10 °C/min) or only with reduction effects on heat flow 
(20-40 °C/min). The endothermic effects at this stage are considered to be caused by the 
transformation of inorganics, thus they are strongly dependentupon the nature of the minerals in 
the ash content, e.g. K2O and CaO in hazelnut shells, as reported by (Bakisgan et al., 2009). 
3.3.3 Proximate analysisof hazelnut shells 
The proximate analysis was carried out using the temperature program as described earlier in 
Section 3.2.3 and the results are shown in Figure 3-9. The high volatile content in biomass 
contributes to a higher oil yield when subjected to thermal decomposition, whereas the solid 
residue content determines the char yield. Biomass typically contains high volatile contents of 
up to 80-90% (including water content) and ash content of drastically changing from 0.5% to 
30-40% in rice husk and milfoil, respectively (Bakisgan et al., 2009, Demirbaş, 2004). 
 
Figure 3-9 Proximate analysis of hazelnut shells, thermal programme used and weight loss 
The quantitative results from the proximate analysis of hazelnut shells are summarized in Table 
3-1. These results are close to those from thermal analysis of hazelnut shells by Demirbaş 
(1998a) who reported 8.7% moisture, 27.6 % volatiles, 62.4% fixed carbon and 1.3 % ash 
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content. Ash and moisture content are also measured using the standards test methods ASTM D 
1102-84 and ASTM D4442-07, the tests methods for ash and moisture content of wood and 
woody materials respectively.  Due to the very small amount of sample used in the thermal 
analyzer, the ash and moisture content obtained from TGA can be slightly different from 
ASTM results. 
Table 3-1 proximate analysis of hazelnut shells 
 
           Moisture  Volatiles Fixed Carbon Ash Shell Size 
Method TGA     ASTM D4442-07 TGA TGA TGA     ASTM D 1102-84    - 
 9% 9.9% 67.6% 21.4% a 1.1% 0.7% 1-15 mm 
a
from difference 
 
The low inorganic content is advantageous in materials used as activated carbon feedstock, as 
the ash content will increase by many times after thermal treatment (Bansal et al., 1988). The 
ash content of various types hazelnut shells was reported in the work of others to range between 
0.49% by Aygün et al. (2003) to 4.3% by (Haykiri-Acma et al., 2012). The ash content of 
hazelnut shells for samples in our work was found to be considerably lower than similar 
biomass such as walnut shells (2.8%) and almond shells (3.3%) as reported by Demirbaş 
(2006). Gogebakan and Selçuk (2009) and Bakisgan et al. (2009) reported that the ash of 
hazelnut shells contains mostly CaO (27.6-38.9%) and K2O (27.9-38.7%); the latter could be 
indicative of low melting properties of these ashes (Scala and Chirone, 2008). 
3.3.4 Ultimate analysis of hazelnut shells 
Ultimate analysis has been carried out in duplicate to determine the elemental composition of 
hazelnut shells in terms of carbon, hydrogen, nitrogen and sulfur. The analysis was performed 
by MedacLtd., Surrey, UK. Results are shown in Table 3-2. Similar results were reported by 
other researchers; 50.8% carbon, 5.2% hydrogen, 1.4% nitrogen reported by Demirbaş (1998a) 
and 51.3% carbon, 5% hydrogen and 0.5% nitrogen by Pütün et al. (1999). 
Table 3-2 Ultimate analysis of hazelnut shells 
 
Element Hazelnut Shells 
Carbon (%) 
Hydrogen (%) 
Nitrogen (%) 
50.7 
5.98 
0.56 
Sulphur (%) <0.10 
Calorific Value (MJ/kg) 20.5 
Hazelnut shells have asimilar carbon content to other lignocellulosic biomass such as almond, 
walnut shells, olive and apricot stones, with the carbon content of between 47-53% (Demirbaş, 
2002, Aygün et al., 2003) making them suitable for the production of activated carbon. The 
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sulfur content of hazelnuts shells is less than 0.1 %, consistent with reported maximum 0.5 % 
sulphur content for biomass (Demirbaş, 2004). 
The nitrogen content of shells were found to be within the same range as agricultural biomass 
such as corncob (0.5%) and tea waste (0.5%) (Demirbaş, 2004). The hydrogen content of 
hazelnut shells was measured to be nearly 6%. Hydrogen content of biomass directly effects the 
volatiles yield and has been reported for different biomass to change from 5% for corn stover to 
6.6-6.7% for walnut shells and olive husk, respectively (Demirbaş, 2004). 
3.3.5 Structural analysis of hazelnut shells: lignin and holocelluloses 
As a part of the characterisation of raw materials, the holocellulose and lignin content of 
hazelnut shells were measured. This information is important as lignin contributes to the 
formation of solid char and determines the char microporosity, whereas the formation of 
volatiles has been attributed to decomposition of celluloses (Haykiri-Acma et al., 2010, Suhas 
et al., 2007). 
The lignin content was measured following the standard test method ASTM D1106-06, in 
which samples were digested with high purity ethanol and toluene, boiling RO water, H2SO4 
solution 72% and 3% consequently. The tests were carried out in duplicate and lignin content 
was measured to be 51.9 % on a dry-ash free basis. The hemicelluloses and degraded celluloses 
were measured to be 27.9% using the standard test method ASTM D1109, also in duplicate. 
The lignin content of hazelnut shells was reported 51.3 % by Haykiri-Acma et al. (2010), 44.4 
% by Demirbaş (1998a), and 33.5 % by Balci et al. (1993). The lignin, cellulose and 
hemicelluloses content of several agricultural biomass was measured in a study by Demirbaş 
(1997), where a wide range of lignin content was reported changing between 15% to 52.3% 
related to corncob and walnut shells, respectively. The lowest and highest hemicelluloses 
content were reported for tea waste (19.9%) and wheat straw (39.4%) (Demirbaş, 2004). 
Hazelnut shells, in this regard, can be considered in the upper level of lignin content among 
other biomass. It is noted that the high lignin content of these shells is particularly beneficial in 
the production of activated carbon, as lignin is made of nearly 60% carbon while celluloses and 
hemicelluloses contain about 42% and 38% carbon (Cagnon et al., 2009). 
3.3.6 Porous structure and SEM analysis of hazelnut shells 
The porous structure of hazelnut shells was investigated using the continuous volumetric 
nitrogen adsorption-desorption test. The BET surface area of the shells before thermal 
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treatment was measured to be 9.1 m2/g. Although, a small hysteresis loop is observed, the 
adsorption isotherm illustrated in Figure 3-10is the closest match to a Type III, representative 
of a non-porous or highly macroporous material. Micro and mesopore volume was obtained to 
be 0.0011 and 0.0142 ml/g respectively, using the HK and BJH methods (Section 1.6.9). The 
porous properties of raw hazelnut shells were negligible in comparison with the expected 
porosity of activated carbon, produced and analyzed in the next chapters. 
 
Figure 3-10 Nitrogen adsorption-desorption isotherms related to hazelnut shells 
 
 
 
 
Figure 3-11The SEM image of (a) raw hazelnut shells at (X1000), (b) lignin at (X100)(Sharma et al., 
2004), and (c) Cellulose at (X2000)(Lv et al., 2010) 
The morphology of raw hazelnut shells was investigated through scanning electron microscope 
-(SEM) images, of which an image at x1000 is shown in Figure 3-11 (a). The images showed a 
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mixture of lignin solid structure and cellulosic fibrous structure. However, when compared to 
images from literature in Figure 3-11 (b-c), the structure of the shells were a best match to a 
lignin structure rather than pure cellulosic material, indicative of their high lignin content. The 
small BET surface area obtained from nitrogen adsorption test is actually due to the small 
surface fractures and voids between lignocellulosic cell edges. 
3.4 Summary and conclusions 
In this chapter hazelnut shells were thoroughly characterised through thermal and elemental 
analysis, adsorption isotherms and SEM morphology images. The recognition of the initial 
properties of raw material justified the application of hazelnut shells as an appropriate 
feedstock for the production of activated carbon owing to its low inorganic matter and high 
carbon and lignin content. Moreover, these analyses provided basic information and 
understanding of the thermal behaviour of hazelnut shells throughout the production of 
activated carbon and particularly the carbonisation step. Based on these fundamental studies, 
the next chapter will be focused on the design and analysis of a set of screening tests in order to 
identify the significant factors in the production of activated carbons and eventually process 
optimisation. 
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4. Chapter 4 
Conventional Method: Screening Tests Design and Analysis  
4.1 Introduction 
The production of activated carbon is a complex process, involving several factors such as 
carbonisation and activation temperature, heating rate, residence time and the rate of the 
activating agent. The screening test presented in this chapter aimed at identifying the most 
significant process factors in the production of activated carbon from hazelnut shells, using 
steam activation. This was thoroughly investigated through the subsequent steps of the 
Response Surface Methodology (RSM) study.  
The Screening test is the first building block of any RSM study. These tests assess the influence 
of all control parameters and so identify the important process factors. One of the most 
commonly used designs in the screening tests are two level factorial designs, in which each 
process variable has only two levels (previously explained in Section 1.7.2). Accordingly, for k 
process variables, these designs result in 2k runs at each assessment (full factorial design). 
However, when the number of variables is high, the application of full factorial designs is 
usually avoided due to the limitations of researcher resources. Alternatively, fractional factorial 
designs can be used based on the assumption that certain high order interactions between 
variables are negligible. Thus, the complete design is replaced by that fraction which is directly 
concerned with the main effects and significant interactions (Myers et al., 2009). The results 
from screening tests are generally analysed using statistical methods, such as investigation of 
effect estimates and the analysis of variance. These analyses will enable the researcher to 
determine the level of influence of each factor on a desired response such as product yield or 
any other desirable quality.  
With this brief summary, the present chapter is focused on the design and analysis of the 
screening tests, starting with, in section 4.2, the rationale according to which the process 
variables and their variation range were selected. Subsequently, the design of the screening 
tests is presented in this section. In section 4.3 the process of producing samples and the 
experimental setup are explained followed by characterisation of samples. Section 4.4, presents 
the results and discussions, statistical analysis of the results and discussions are presented in 
sections 4.5.      
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4.2 Experimental Design Methodology 
4.2.1 Underlying principles: selection of activating agent 
The production of activated carbon in this work was focused on physical activation due to its 
environmental and economical justifications, as well as its wide application in industry and 
research (Molina-Sabio et al., 1996, Fowler, 1996). Generally, physical activation is considered 
to be a two-step procedure (carbonisation followed by activation). However, in practice, 
physical activation can be applied in one consecutive process of carbonisation and activation. 
Owing to its apparent energy efficiency and lower heating costs, the single step method is 
favourable in the industrial production of commercial carbon (Gergova and Eser, 1996). 
Accordingly, a single-step process was adopted in the present study for the test series related to 
the conventional heating system.  
Selection of the activation agent from two principal options, carbon dioxide and water vapour, 
was achieved through literature survey. The effect of these two activation agents on carbon 
properties has been studied by many researchers. Generally the differences caused by these two 
activation agent are related to their different molecule size, reactivity and diffusion rate of the 
agent and finally the mechanism of pore evolution achieved by them. Tomków et al. (1977) 
investigated the effect of carbon dioxide, steam and oxygen activation on brown coal. From 
their work it was inferred that pores of all dimensions could be developed in the case of steam 
activation. This resulted in the observation of more mesoporosity at lower burn-off degrees in 
comparison with carbon dioxide activated sample. At burn-off degrees of over 50% the 
formation of mesopores were more evident in the case of steam activation. However, this being 
associated with widening of larger pores did not dramatically affect the total surface area. In the 
case of carbon dioxide activation, the authors reported a uniform micropore structure over the 
whole range of burn-off degrees, resulting in higher overall microporosity in comparison with 
steam activated samples.  
These results were verified by Rodríguez-Reinoso et al. (1995) and Molina-Sabio et al. (1996), 
who confirmed a wider pore size distribution and formation of higher meso- and macro- 
porosity in the case of the steam activation of olive stones. The mechanism of pore 
development was explained by progressive development from minute pore openings to narrow 
microporosity in the case of carbon dioxide; however the occurrence of micropore widening 
was reported from early stages of the process in the case of steam activation. In a comparison 
study of the activation of char with CO2 and steam, difference was observed by Arriagada et al. 
(1994) in the extent to which burn-off could enhance surface area; whilst a continuous increase 
of surface area was observed with the degree of carbon burn-off in the case of steam activation, 
Chapter 4 Screening(Tests(Design(and(Analysis(
 
105 
 
carbon dioxide reached a plateau at burn-off degrees over 60%. These results were in 
agreement with the work of Dabrowski et al. (2005), who claimed that steam and CO2 
activation behave similarly at burn-offs lower than 40-50%, though at higher burn-offs carbon 
dioxide causes a decrease in the micropore volume while steam activation results in a 
continuous rise in pore volume. These results collectively showed that in the activation by 
steam, the risk of destruction of porous structure at high degrees of carbon burn-off is lower 
compared to the activation by carbon dioxide.      
In addition to the differences between pore structure development, steam activation is 
favourable as it can take place at lower temperatures. This is due to the higher enthalpy of 
reaction between carbon dioxide and char (159 kcal per mole) in comparison with steam and 
char (117 kcal per mole) (Wigmans, 1989). In principle, from the comparative studies reviewed 
in this section it was gathered that steam activation can be advantageous due to: (i) the smaller 
size of the water molecule and thus its better diffusion through the char structure; (ii) the higher 
reactivity rate with char in comparison with carbon dioxide; (iii) the production of a well 
distributed porous structure, and finally (iv) a lower activation temperature. This led to the 
selection of steam in the present work as the preferred activation agent.  
4.2.2 State of the art in identification of process variable factors  
In addition to the type of activating agent, properties of active carbons are affected by 
numerous other operational parameters throughout the production process. This means that 
production under different conditions can result in changes in the properties of the carbons such 
as porosity, surface area, density, and hardness. Being focused on conventional production 
methods, the following parameters were found to be governing the activated carbon production 
process:  
Activation temperature: The activation temperature has been described by many 
researchers as one of the most important process factors for the production of activated carbons 
(Pastor-Villegas and Durán-Valle, 2002, Aygün et al., 2003, Wigmans, 1989). The positive 
effect of temperature in the activation process could be attributed to the increase of reactivity 
between the carbon and activating agent at higher temperature (Baçaoui et al. (2001). However, 
the effect of temperature was found to be interacting with other factors such as dwell time. For 
example, González et al. (2009) reported an increase in surface area and microprosity in steam 
activation of olive stones by raising the temperature from 700 to 900°C at dwell times below 30 
min, whereas treating samples at 900°C using longer dwell times resulted in the reduction of 
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surface area and microporosity. Therefore, the effect of temperature, as important as it is, 
should be studied in combination with other process factors such as dwell time. 
Dwell time: Referring to the duration of the activation process at the final activation 
temperature; longer dwell time can enhance the carbon porosity through providing sufficient 
time for the development of different sized pores. In the case of steam activation of 
carbonaceous materials, Wigmans (1989) reported that the long residence time and high 
temperatures enhances microporosity of activated carbons, whereas low temperatures enhance 
mesoporosity. This was attributed to the pore development mechanism, being predominant by 
pore drilling at low temperatures (increasing diameter) and pore deepening at high 
temperatures. Also, the particle density of the resultant activated carbon was reported to be 
affected by residence time at different activation temperatures. Therefore, as with activation 
temperature, dwell time has significant impact on the characteristics of the product; also it is in 
interaction with other factors including temperature and should be studied in combination with 
these factors.        
Heating rate: The effect of heating rate can be ambiguous as it has an inconsistent effect at 
different stages of the process; lower heating rate can contribute to a better porous development 
at early stages of carbonisation, while high heating rate is favoured at later stages. The latter is 
due to the prevention of secondary reactions which result in pore volume reduction (Tay et al., 
2009). From the pyrolysis of cellulose, Brunner and Roberts (1980) reported that low heating 
rates at lower carbonisation temperatures, where all reactions took place in equilibrium, could 
result in a more stable, dense char, with a larger micropore volume and a higher yield. On the 
activation of olive stones with CO2, López-González et al. (1980) reported lower product yield, 
yet more uniform porosity and a significant increase on the internal surface area with 
decreasing heating rate from an uncontrolled rate to 5°C/min. This, however was in contrast 
with the results of Rodriguez-Reinoso et al. (1982), who observed no significant effect by the 
heating rate (2°C/min to uncontrolled) on the activation of almond shells with CO2 .     
Activation agent-feedstock ratio: The ratio of activating agent to feedstock has been 
investigated in the literature as another significant production factor. González et al. (1994) 
studied the effect of varying steam flow rate on the activation of olive stones and reported an 
increase in the reactivity of surface of the sample and, thus, an increase in external burn-off. In 
fact, these workers claimed that the presence of excessive steam did not appreciably modify the 
internal surface area, but only results in developing macropores and consequently external 
surface area. The effect of the ratio of activation agent to feedstock, steam in this case, was 
reported to be in interaction with temperature.  This is because the inhibiting effect of hydrogen 
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(as explained in Section 1.4.2) becomes less effective at higher temperatures, resulting in better 
evolution of micro-meso-macroporosity (Rodríguez-Reinoso et al., 1995).   
Inert gas flow rate: The flow rate of sweep gas, which makes an inert atmosphere for 
pyrolysis, can also affect the production of activated carbon. The effects are evident when there 
is not enough gas flow to remove the volatiles or it is too high, resulting in removal of 
activation agent before any reaction takes place. Retaining volatile matters inside the reactor 
can result in the occurrence of re-condensation and secondary reactions and eventually 
reduction in pore volume. On the other hand, longer residence time of volatiles results in higher 
char yields, due to volatiles forming secondary char (Zaror et al., 1985). In agreement, Lua et 
al. (2004) (in pyrolysis of pistachio nut shells) reported a decrease in the volatile matter from 
char produced at higher inert gas flow rate and a corresponding increase in the fixed carbon 
yields. These effects can be of interest depending on the research objectives where high yields 
of char or oil are required. More results from the studies on the effect of inert gas flow on the 
yield of biomass pyrolysis can be found in Pütün et al. (1996) and Koçkar et al. (2000) who 
reported variable oil and char yields with a change of nitrogen flow under different pyrolysis 
conditions.     
Reactor rotation rate: In many active carbon production methods, the carbonaceous 
material is heated in a rotary furnace (Wigmans, 1989). Thorough mixing can be achieved in 
fluidized bed reactors or reactors with small diameter. However, none of these options are 
available for the reactor used in this study. Therefore, the rate at which the reactor is rotating 
may significantly affect the properties of the product. For example, a very low rotation rate 
could result in low quality product due to lack of complete mixing. However, no related study 
has been found in literature.      
Particle size: particle size is known to have some influence on the pyrolysis yield and thus 
the produced activated carbon. The effect could be attributed to the slower heating mechanism 
(slow conduction rate) within large particles which results in reduced volatile release. Koçkar et 
al. (2000) and Haykiri-Acma (2006) studied the effect of particle size on the pyrolysis of 
hazelnut shells and reported some minor effect on char yield, thermal reactivity and activation 
energy. However, the use of hazelnut shells in an as-received condition is favoured by reducing 
the process costs and preparation time. Moreover, due to their low thickness, changing particle 
size should not considerably affect the thermal properties of the shells. Therefore, the hazelnut 
shells can be used in an as-received size in the present work. 
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Burn-off as a dependant variable: carbon burn-off is referred to as the loss of fixed 
carbon as a result of reaction between the activating agent and the char. Burn-off percentage 
can be found in most of the related publications as an indication of the degree of activation. In 
fact, this parameter, being a function of different process conditions, has been known to be the 
most important factor in obtaining different qualities of activated carbon from the same raw 
material (Bansal et al., 1988). Therefore, there has been an interest in correlating the carbon 
burn-off to primary characteristics of activated carbons. For instance in a comprehensive study 
of physical activation of carbonaceous materials with steam, Wigmans (1989) correlated the 
porous structure of carbons to its burn-off degree as schematically illustrated in Figure 4-1.  
 
Figure 4-1 Pore volume per unit weight starting material as a function of burn-off, in steam activated carbon 
from biomass, adopted from Wigmans (1989) 
As seen in these figures and also reported by some other researchers e.g. Molina-Sabio et al. 
(1996) and Rodríguez-Reinoso et al. (1995), it is believed that the excessive carbon burn-off 
will result in the destruction of microporous structure of activated carbons. Although the exact 
mechanism of pore development with increasing carbon burn-off is not completely understood, 
this trend can be explained by the following theory described by Bansal et al. (1988).  
The general idea is that pore development through activation starts with burning the 
disorganised carbon at carbon burn-off degrees of less than 10%. At later stages of activation, 
carbon is burnt at the more reactive sites, mainly located at the edges of the aromatic carbon 
sheets. Carbon burn-off in the later phase of activation results in the widening of the pores by 
compete burnout of the walls between adjacent pores. At this stage, the evolution of larger 
pores exceeds the rate of formation of new micropores. This eventually results in the increase in 
the carbon burn-off from the external surfaces, which has no contribution to the development of 
the internal porous structure of carbons (Bansal et al., 1988).  
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According to this theory, the decrease in pore volume at high carbon burn-offs reported by 
many researchers could be expected. However it should be noted that in most of the works who 
reported this trend (e.g. Rodríguez-Reinoso et al. (1995) and Wigmans (1989)), pore volume 
was reported per gram of starting char; In fact both micro and mesopore volume showed 
continuous increase when similar results were presented per gram of activated carbon in the 
work of Rodríguez-Reinoso et al. (1995).    
In activation of biomass charcoal with steam, Arriagada et al. (1994) also reported continuous 
increase in the apparent surface area per gram of activated carbon with increasing burn-off. 
This was however unlike the trend observed for CO2 activation which showed a decrease at 
burn-off over 60%. As a result, the trend of changing carbon properties with burn-off seen in 
much of the literature cannot be generalized to all studies and should be investigated thoroughly 
for each specific feedstock, activating agent and heating conditions.  
Table 4-1 summarizes some key studies on the production of activated carbon from a variety of 
feedstock and production conditions. In Table 4-2, the publications considering only hazelnut 
shells are summarised. Analysis of these studies helped to select the variables and their 
constraints for the present study. From these studies, the final selection of test variables and 
their region of interest will be carried out in the next section. 
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Table 4-1 Literature review on activated carbon manufacturing conditions 
 
 
 
 
 
Author 
 Feedstock 
Activation 
Agent Carbonisation Activation  Burn-off Results 
Brunner and Roberts (1980) Cellulose Pyrolysis Only 200-950 °C, at 0.03-70 °C/min NA NA 
Slow heating rate resulted in more char 
yield, and the char is more stable. Up to four 
times larger micropore volume and surface 
area was reported with a lower heating rate. 
López-González et al. 
(1980) Olive Stones CO2 
700-900 °C,  
at 5 °C/min 
700-900°C, 
5°C/min - 
uncontrolled, for 
2-16 hrs 
4-65 % 
High surface area activated carbon was 
produced from apricot stones, activation 
with CO2 resulted in high micro and 
mesoporosity. 
Rodriguez-Reinoso et al. 
(1982) Almond Shells 
CO2, Soaked in 
Sulphuric acid 
for 6 hrs 
750-900°C, 
at 2, 5, 7 °C/min,  
for 2 hrs 
25 to 100°C 
below pyrolysis 
temp, for 2-24 
hrs 
up to ~60% 
Increase of micropore, mesopores and 
surface area for higher burn-off percentage 
was observed. Significant effect of heating 
rate on the adsorptive capacity was reported. 
Arriagada et al. (1994) 
Eucalyptus 
globulus 
Charcoal 
Steam  
(140 ml/min) NA 
800-900°C, 
8°C/min, 
for 10-270 min 
25-82% Higher development of meso- and macroporosity and high degree of 
microporosity was observed with steam 
activation. Different surface acidities can be 
produced when steam is used. 
CO2  
(200ml/min) NA 
800-900°C, 
8°C/min, 
for 10-360 min 
30-79% 
Rodríguez-Reinoso et al. 
(1995) Olive Stones 
Steam 
(80-100ml/min) 850 °C, for 2hrs 
750-800°C, for 
various time 8-74% Differences of CO2 and steam activation was 
observed where CO2 produces an opening, 
followed by widening of narrow 
microporosity, whereas steam widens the 
microporosity from the early stages of the 
process, resulting in lower micropore 
volume. 
CO2 
(80ml/min) 850 °C, for 2hrs 
825°C,  
for various time   8-80% 
Molina-Sabio et al. (1996) Olive Stones 
Steam 
(80-100ml/min) 
850 °C, at 5°C /min 
for 2hrs 
750-800°C, for 
various time 8-74% 
CO2 
(80ml/min) 
850 °C, at 5°C /min 
for 2hrs 
825°C,  
for various time   8-70% 
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Table 4-1 Literature review on activated carbon manufacturing conditions 
Author Feedstock Activation Agent 
Carbonisation 
conditions 
Activation 
conditions Burn-off Results 
Ahmadpour and Do (1996) Bituminous Coal 
CO2 
(150 ml/min) 
750°C, 
at 3 °C/min, 
for 2 hrs 
800-900°C, 
at 15°C/min, 
for 4.5-20.5 hrs 
12-80% Lower surface area was observed in case of pure physical activation in comparison 
with chemical activation. Comparable 
results were achieved for a combination of 
physic-chemical activation. KOH, ZnCl2 
500-800°C, 
at 5°C/min, 
for 1-3 hrs 
Simultaneous 21-41% wt. loss 
Linares-Solano et al. (2000) Bituminous Coal 
CO2 
(80ml/min  850°C,  at 8°C/min, 
for 2 hrs  
850°C,  
for 0-24 hrs up to 66% 
Slightly higher adsorption capacity, less 
narrow porosity was observed for steam 
activation, the differences are more evident 
at higher degrees of activation.  
Steam 
(100ml/min ) 
850°C, 
for 1-10 hrs  up to 73% 
Chang et al. (2000) Corn Cob 
CO2 
(200 ml/min) 800-900°C,  
10°C/min 
800-900°C 
for 0-2 hrs 
up to 71% 
BET surface area, pore volume, and 
average pore diameter increased with the 
extent of burn-off with both activation 
agents. In similar condition higher 
mesoporosity was observed in case of CO2 
activation. 
Steam 
(0.05-0.6g/min) up to 67% 
Pastor-Villegas and Durán-
Valle (2002) Rockrose 
CO2 
(200 ml/min) 600°C, 
at 10°C/min 
 
700–950°C, 
at 50°C/min,  
for 1.12-5.25 hr 
 Higher volume adsorbed was reported for 
steam activation, being more significant at 
low activation temperature (700°C). 
Higher volume of narrow micropores was 
observed when CO2 was used.   
Steam 
(200 ml/min) 
700–950°C, 
at 50°C/min,  
for 1.27-7.37 hr 
 
Lua et al. (2004) Pistachio-nut Shells 
CO2 
(100 ml/min) 
250-1000°C, 
5-40°C/min,  
for 1-3 hrs 
900 °C,  
at 10 °C/min ,  
for 300 min  
NA 
The pyrolysis temperature has the most 
significant effect on carbon properties, 
followed by heating rate, nitrogen flow rate 
and finally holds time. 
Nabais et al. (2008) Coffee Endocarp 
Steam 
(NA rate) 600°C, at 10 °C/min, under 80 
ml/min N2, for 1 hr 
700°C, 1-3 hrs 16-40% Higher burn-offs at lower dwell times was achieved in steam activation. However, 
BET surface areas and pore volume of CO2 
activated sample were higher. 
CO2 
(85 ml/min) 700°C, 2-6 hrs 14-45% 
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Table 4-1 Literature review on activated carbon manufacturing conditions (continued) 
 
Table 4-2 Literature review related to Hazelnut Shells, on activated carbon manufacturing conditions 
Author Feedstock Activation Agent Carbonisation conditions 
Activation 
conditions Burn-off Results 
Gonzaìlez et al. (2009) Walnut Shells 
Steam 
(0.2 g/min) 600°C/min, 
120 ml/min N2 rate, 
for 1 hr 
700-900°C,  
for 0.5-2 hrs 7-19% Highly microporous activated carbon was produced from steam and CO2 
activation, with more pore widening in 
case of steam activation 
CO2 
(40 ml/min) 
850 °C, 
at 20°C /min, 
for 1-8 hrs 
5-15% 
Yang et al. (2010b) Coconut Shells  CO2 (60-600 ml/min) 
750-950°C , at 10-
50 °C/min, foe 60-
160 min 
Simultaneous NA 
Effect of temperature, hold time, 
heating rate and CO2 rate was 
investigated, optimum condition was 
determined for a BET surface area of 
1667 m2/g. 
Nabais et al. (2011) Almond Shells (45g) 
CO2 
(85 ml/min) 
400°C, under 85 
ml/min N2 rate, 
 for 1h 
700-800°C, for 
1-7 hrs  12-70% 
Cost effective product was produced at 
low carbonisation temperature. Highly 
porous activated carbon was achieved 
with 1138 m2/g BET surface area. 
Author Feedstock Activation agent Carbonisation conditions 
Activation 
conditions Burn-off Results 
Heschel and Klose (1995) Biomass incl. Hazelnut shells  
Steam  
(35% vol. flow) 
750-950 °C,  
at 5-100°C /min,  
for 0-30 min 
750-950 °C,  
for 30-250 min NA 
Optimum burn-off for hazelnut shells 
was obtained to be 70% with BET 
surface area of 1200 m2/g. 
Demirbaş (1999) Hazelnut Shells Pyrolysis Only 470-1050 °K Pyrolysis Only  NA 
Char and oil yield decreased 
continuously with higher pyrolysis 
temperature, whereas gas yield 
increased with temperature.   
Pütün et al. (1999) Hazelnut Shells Pyrolysis Only 
400-700 °C, at 7 
°C/min, for 30 min, 
50-400 ml/min 
nitrogen rate  
Pyrolysis Only NA 
The effect of temperature and sweeping 
gas flow rate was investigated on the 
pyrolysis of hazelnut shells. 
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Table 4-2 Literature review related to Hazelnut Shells, on activated carbon manufacturing conditions (continue) 
Author Feedstock Activation agent 
Carbonisation 
conditions 
Activation 
conditions 
Burn-off 
(%) Results 
Wartelle et al. 
(2000) 
Macadamia nut shells, 
Hazelnut shells, Black 
walnut shells 
CO2 
For hazelnut: 700°C, 
for 1hr 800  °C, for 6 hrs NA 
Activated carbon from agricultural by-products 
were investigated as adsorbents for short path 
thermal desorption gas chromatographic analysis 
of organic compounds.  
Demirbas et al. 
(2002) Hazelnut Shells (100g) H2SO4 Simultaneous 150 °C, for 24 hrs N/A 
Adsorption of Ni(II) was optimised using the 
activated  carbon produced from hazelnut shells 
at reported conditions.  
Yalçin and Arol 
(2002) Hazelnut Shells (125g) 
Steam 
(4 ml/min) 650 °C 900°C, for 1 hr 75% 
Adsorption of gold cyanide was investigated by 
activated carbon produced from hazelnut shells at 
reported conditions. 
Aygün et al. (2003) 
Almond shells, 
Hazelnut shells, 
Walnut shells, Apricot 
stones 
ZnCl2 
30%wt mixture 
dehydrated for 6-24 
hrs, activated at 750-
850°C , for 2hrs, 
under 40 ml/min N2 
Simultaneous 67-70% 
Samples were studied by phenol and methylene 
blue adsorption. Highest BET surface area of 793 
m2/g was achieved for hazelnut shells. 
Demirbas (2004) Spruce wood, Hazelnut shell, Wheat straw 
Pyrolysis 
Only 
550-950°C, at 0.1-1 
°C/min, for 450-550 s Pyrolysis Only N/A 
The effect of moisture content on the pyrolysis 
yield was studied.  Higher liquid yield was 
observed at high temperatures. Optimum 
temperature for maximum oil yield was obtained.   
Ansari and Omidvari 
(2005) Hazelnut shells 
Steam and 
chemicals  
500°C, 
for 1 hr 
800°C,  
for 2.5 hrs N/A 
Mercuric ion adsorption was reported to improve 
in case of chemical activation. 
Demirbaş (2006) Hazelnut, Walnut, Almond and Sunflower 
Pyrolysis 
Only 500-1200 K Pyrolysis Only N/A 
Effect of temperature on pyrolysis was 
investigated and optimized for highest oil yield. 
Hazelnut shells have the highest char yield after 
walnut shells.   
Şayan (2006) Hazelnut Shells KOH Simultaneous 
Variable, 
designed with 
CCD, and 
fractional 
factorial designs  
N/A 
Ultrasound KOH activated carbon from hazelnut 
shells was optimised using RSM, taking particle 
size, ultrasound power, impregnation ratio and 
time, activation time and temperature as 
variables.     
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Table 4-2 Literature review related to Hazelnut Shells, on activated carbon manufacturing conditions (continue) 
Author Feedstock Activation agent 
Carbonisation 
conditions 
Activation 
conditions 
Burn-off 
(%) Results 
Milenkovic et al. 
(2009) Hazelnut shells 
Steam 
(NA rate) Simultaneous 950°C, for 2 hrs N/A 
The ultrasound-assisted adsorption of Cu(II) ions 
on hazelnut shell activated carbon. Surface area of 
as high as 1651 m2/g. 
Demirbas et al. 
(2009)  Hazelnut Shells H2SO4 Simultaneous 
200°C,  
for 24 hrs N/A 
Effect of adsorption conditions was investigated on 
carbon produced from hazelnut shells.  
Özçimen and Ersoy-
Meriçboyu (2010) 
 
Apricot stone, Hazelnut 
shell, Grape seed and 
Chestnut shell 
Pyrolysis 
Only 
For hazelnut shell: 
750 °C, 5 °C/min, no 
nitrogen flow 
Pyrolysis Only NA 
Using the optimum conditions form other studies, 
the characteristics of the bio-oil and bio-char of 
biomass was investigated. 
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4.2.3 Selection of process variables and their range 
The screening test is designed to provide general information on all participating factors in the 
carbonisation-activation process. According to the literature and the specific lab setup used for 
the present work, factors and their variation range for a single step carbonisation-activation of 
hazelnut shells have been selected as shown in Table 4-3.  
Table 4-3 Selected factors for screening test 
 
In the selection of temperature range, the following points were considered:   
- From the thermal analysis of raw hazelnut shells, it was inferred that the carbonisation 
of shells should be completed by 500°C, with nearly 90% of total weight loss. However 
some initial experiments showed that using the rotary furnace employed in this work, 
complete carbonisation was not achieved at this temperature. To investigate the level of 
carbonisation with the rotary furnace, hazelnut shells were carbonised at different 
temperatures from 450 to 850°C and subsequently subjected to thermal analysis. From 
the results shown in Figure 4-2, it follows that the samples carbonised at 450 to 850°C 
undergo a noticeable weight loss during thermal analysis, which is indicative of 
incomplete carbonisation of these samples. This was also confirmed with the 
observation of fuming volatiles until temperatures around 700-750°C during the 
experiments.  
 
Figure 4-2 Thermal analysis of carbonised samples at temperatures from 450°C to 850°C 
Factors in Production of AC Range Unit
Activation Temperature 750-950 °C
Dwell Time 30-150 min
Heating Rate 2-10 °C/min
Water Flow Rate 0.3-1 ml/min
Nitrogen Flow Rate 100-600 ml/min
Reactor Rotation Rate 6-15 rpm
Weight of Samples 100-300 g
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The variation between TGA results and those from the rotary furnace can be attributed 
to the large amount of sample (100-300 g) used within the rotary furnace in comparison 
with only 15±2 mg sample in TGA. Several factors could contribute to the difference in 
these results, including different particle size, mixing and venting mechanism, as well 
as enhanced TGA thermal efficiency and higher heat losses through the lab-scale 
furnace insulation, which results in longer heating times and higher temperature 
requirements in real lab-scale furnaces to achieve complete carbonisation.    
- It has been established that the physical activation of carbonised shells by steam needs 
higher temperatures compared to chemical activation (Lua and Yang, 2005). The 
majority of the world’s activated carbon is produced by steam activation at 900°C 
(Balci et al., 1994), while no study was found to report physical activation at 
temperatures lower than 700°C. Therefore, activation temperature was selected to vary 
from 750°C to 950°C.  
Dwell time was selected from 30 to 150 min to investigate the pore development and the rate of 
carbon burn-off. It should be noted that initially 3 hours was selected for the upper limit of 
dwell time; but since all carbon was burnt out in some of the experiments, the dwell time was 
reduced to 150 min. The heating rate, reactor rotation rate and water rate were selected 
according to the limitations of the furnace and water pump. Sample weight was varied due to its 
potential effect on mixing and the heat transfer mechanism, as well as providing the opportunity 
to offer a wider range of activating agent to feedstock ratio options.     
4.2.4 Screening test design and analysis methodology  
4.2.4.1 Design and analysis of experiments 
Having identified the process variable factors and their limiting ranges, the next step in the 
RSM study was to design the screening tests. As previously discussed in Section 1.7.2, the 
factorial designs with only two levels of each factor are commonly utilised in the design of 
screening tests. However, with seven variable factors each at two levels, a full factorial design 
will result in 27=128 experiments to study all possible combinations of variables. Therefore, a 
fractional factorial design is favourable at this stage as it will reduce the number of experiments 
required making it more suitable to the scale of this study.  
Fractional factorial designs can help to identify the subset of active factors and provide 
information on the interactions between them in a quick and efficient way. These designs are 
based on the assumption that certain higher order interactions between variable factors are 
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negligible. A brief introduction to the structure and analysis of these designs, including the 
definition of generators, design resolution, defining relation and design alias structure is 
presented in Appendix I.  
Based on the recommended designs by Myers et al. (2009) to obtain the highest resolution, a 2!"!!! two level resolution IV, single replicate, fractional factorial design with seven parameters, 
one eighth fraction and sixteen runs (27/8=16) was adopted for the design of screening test in 
this work. This design was built using four main factors and three generators. The four main 
factors were assumed to be activation temperature (A), dwell time (B), heating rate (C), and 
water flow rate (D). Three other factors assigned to (E) nitrogen flow rate, (F) reactor rotation 
rate, and (G) sample weight are associated with generators E=ABC, F=BCD and G=ACD, also 
recommended by Myers et al. 2009, for a 2!"!!!design. The defining relation of the design can be 
expressed as: 
! = !"#$ = !"#$ = !"#$ = !"#$ = !"!" = !"#$ = !"#$ 
Accordingly, the final experimental design matrix is presented in Table 4-4. The use of this 
design can guarantee that upon validation of assumption made about main factors, a full 
factorial 24 design with only the key process variables could be extracted from the same design 
matrix. This means that if other three factors showed negligible effect on the response, they can 
be omitted from the design, leaving a full factorial design with only the four main factors.  
Table 4-4 Screening test fractional factorial design, resolution IV
 
A resolution IV design as used here implied that none of the main effects is aliased (refer to 
Appendix I) with any other main factors or with any two factor interactions, but the two factor 
Exp.
(A) (B) (C) (D) (E) (F) (G)
Temp (°C) Dwell time 
(min)
Water rate 
(ml/min)
Heating rate 
(rpm)
Nitrogen Flow 
rate (ml/min)
Rotation 
Rate (rpm)
Sample 
Weight (g)
SCR 1
SCR 2
SCR 3
SCR 4
SCR 5
SCR 6
SCR 7
SCR 8
SCR 9
SCR 10
SCR 11
SCR 12
SCR 13
SCR 14
SCR 15
SCR 16
950
750
950
750
950
750
950
750
950
750
950
750
950
750
950
750
150
150
30
30
150
150
30
30
150
150
30
30
150
150
30
30
1.0
1.0
1.0
1.0
0.3
0.3
0.3
0.3
1.0
1.0
1.0
1.0
0.3
0.3
0.3
0.3
10
10
10
10
10
10
10
10
2
2
2
2
2
2
2
2
600
100
100
600
100
600
600
100
600
100
100
600
100
600
600
100
15
15
6
6
6
6
15
15
6
6
15
15
15
15
6
6
300
100
300
100
100
300
100
300
100
300
100
300
300
100
300
100
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interactions are aliased with each other. Accordingly, the alias structure of this design can be 
seen in Table 4-5, in which every set of three second order interactions are confounded. 
Table 4-5 The alias structure of the !!"!!! design 
Aliased second order interactions 
(AG) & (BF) &  (DC) 
(BC) & (DF) & (EG) 
(AC) & (DG) & (EF) 
(AE) & (BD) & (CF) 
(AB) & (DE) & (FG) 
(AF) & (BG) & (CE) 
(AD) & (BE) & (CG) 
 
A: Activation temperature, B: Dwell time,C: Heating rate, D: water flow rate,  
E: Nitrogen flow rate, F: Reactor rotation rate, G: Sample weight 
Having the screening tests designed and conducted, related observations (responses) were 
analyzed to identify factors with significant effect on the response. This was achieved through 
calculation of main effect estimates and related plots, as well as statistical analysis of variances 
(ANOVA).  These analyses were carried out by MATLAB 7.90.529 (R2009b), Mathwork Inc. 
Software. A brief description of the basic definitions, assumption and related statistical analyses 
is presented in Section 2 of Appendix I. 
It should be mentioned that ANOVA is based on a first order regression model fitted to the 
screening tests observations. However, the regression model was only used to identify the 
significant factors and not as a predictive tool. The reason for not using these first order models 
as appropriate predictive model was the application of an elementary experimental design with 
only two levels of each factor. Therefore, related regression methods and calculation of 
regression coefficients were not described in this chapter. In the following section, the 
experimental activated carbon production method used in the screening tests will be explained. 
Subsequently, the results from the screening tests and the statistical analyses are presented in 
the following section.     
4.3 Production of samples and characterisation 
4.3.1 Experimental setup: Rotary furnace 
A Carbolite HTR 11/150 laboratory scale rotary furnace was used for the thermal processing of 
hazelnut shells as pictured in Figure 4-3. The sample was loaded into a quartz reactor with the 
capacity of almost 4.5 litres. The quartz reactor was attached to the furnace from the left side, 
where the rotation initiated. The thermal system consisted of a box-furnace with electrical 
elements inside, which could heat the reactor up to 1000°C. In order to collect the pyrolytic oils, 
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the reactor was connected to an oil trap from the right side arm; non-condensable volatiles were 
evacuated from a small opening provided on the oil trap lid.  
 
Figure 4-3 Rotary furnace used for carbonisation and activation of hazelnut shells   
Prior to each experiment and during the run, the reactor was continuously purged with a flow of 
nitrogen gas. The nitrogen flow removes air from inside the reactor to prevent oxidation during 
the process and assists with the rapid removal of volatiles generated throughout the pyrolysis by 
directing them towards the oil trap. The nitrogen flow rate was adjusted using a rotameter. 
Upon reaching the activation temperature, a Watson Marlow 101 U/R pump was used to inject 
water into the reactor through the same tube as used for nitrogen flow. After each experiment, 
the produced char and liquid yield were weighed accurately and stored for further analysis.   
4.3.2 Carbonisation of hazelnut shells 
In addition to the single step carbonisation-activation of hazelnut shells, as designed in Table 4-
4, some extra tests were carried out at this stage in order to investigate the carbonisation of 
hazelnut shells separately. Pyrolytic char and oil yields from carbonisation of hazelnut shells 
was measured during six experiments (T-series) carried out as listed in Table 4-6.  
Quartz Reactor 
Gas Control 
Board 
Oil 
Trap 
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Table 4-6 Carbonisation of hazelnut shells at four different conditions 
 
These testes were designed at 450 to 950 °C temperature range at 100°C steps. The tests were 
aimed at providing information on exact char yield before activation was initiated. This 
information was used in the calculation of carbon burn-off, which represents the carbon burnt 
during the residence time at activation temperature on a dry basis. The carbon burn-off was 
calculated as:  
!!"#$!!"" != ! !!"#$,!! !!"#!!"#$!(!"#!!"##)×!""%                                                                                   Equation 4-1 
In which, !!!!",! is the char yield at the activation temperature, corrected for ash content and !!"# is the final activated carbon yield at the end of each run. For each test of T-series, the 
reactor was cooled to room temperature and the solid residue (char) was weighed accurately. 
Moreover, as seen in Figure 4-4 a more sophisticated system was used for this test series to 
collect the liquid yield. The setup consisted of three consecutive cold traps placed in liquid 
nitrogen containing flasks, which ensured that all condensable volatiles were captured.       
 
 
Figure 4-4 The oil collection system in carbonisation experiments  
The condensed liquid was then washed from the oil traps using Dichloromethane (DCM) and 
vacuum filtered to remove fine carbon particles which were transported to the oil trap along 
Exp. Temp 
(°C)
Heating rate 
(rpm)
Nitrogen Flow 
rate (ml/min)
Rotation Rate 
(rpm)
T1 450 10 500 10
T2 550 10 500 10
T3 650 10 500 10
T4 750 10 500 10
T5 850 10 500 10
T6 950 10 500 10
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with volatiles. The oil was then recovered in a rotary evaporator. The residue was weighted to 
be the total liquid yield from pyrolysis including oil and water.   
4.3.3 Characterisation of activated carbons 
All activated carbons prepared from the screening test series were ground and sieved so that 95 
wt. % or more passed through a 45 µm mesh size. Standard characterisation of samples 
included TGA plus moisture and ash content that were determined using the standard ASTM 
test methods D2866-94 and D2867-99 respectively. Elemental analysis (CHN) was carried out 
by Medac Ltd., Surrey, UK, to study the carbon burn-off and samples’ aromaticity comparing to 
raw hazelnut shells.  
Samples porosity development and internal surface area were analyzed using a Coulter 
Omnisorp® 100. Prior to analysis 0.25±0.1g of sample was degassed at 150°C in an Omnisorp 
tube. It is generally recommended that microporous materials be degassed at 340-400°C in 
order to remove the physisorbed materials from the narrowest pores. However, as chemisorbed 
oxides could be also removed at such temperatures, degassing was kept at 150°C (Gregg and 
Sing, 1982). The surface area of the samples was calculated by application of the BET model 
(Brunauer et al., 1938) and used in the statistical analysis for identification of significant 
process effect on sample characteristics. The t-plot method (Lippens and de Boer, 1965) was 
used to determine the external surface area. Micro and mesopore volume was obtained from 
Horvath and Kawazoe and BJH methods respectively (Barrett et al., 1951, Dombrowski and 
Lastoskie, 2002).   
Following the standard ASTM test method D4607-99, samples were subjected to the Iodine 
adsorption test to investigate their liquid phase adsorption and corresponding Iodine number. 
Iodine number is measured as the amount of iodine in milligrams adsorbed by 1g of carbon 
under specific test conditions, at a residual iodine concentration of 0.02 N. The test was based 
on a three point adsorption isotherm obtained from standard iodine solution, treated with carbon 
at three different weights. Carbon dosage is calculated based on an initial estimation of iodine 
number for each sample (ASTM D4607, 1999).     
The calorific value of pyrolytic oils obtained from the carbonisation tests was measured by an 
Anton Parr 6100 oxygen calorimeter instrument and 1108 oxygen combustion bomb. The liquid 
yielded from carbonisation of hazelnut shells was dried before calorimetry in several 
subsequent steps: (i) the liquid was washed from the oil traps with DCM, (ii) as DCM is 
insoluble in water, the water content was extracted from the liquid in a separation funnel 
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remained for 2 hrs, (iii) any residual water content in the oil was dried using sodium sulphate, 
and finally (iv) DCM was extracted from the oil using a water bath rotary evaporator. The 
residue was considered to be water free pyrolytic oil, of which about 0.5 g was tested for energy 
measurement by the calorimeter.      
4.4 Results and Discussion 
4.4.1 Analysis of carbonised hazelnut shells  
The product yields from carbonisation of hazelnut shells (T-series) are presented in Table 4-7 
and corresponding plots of Figure 4-5. The results showed that the total char yield was 
decreased by 20% as the final pyrolysis temperatures was increased from 450 to 950°C. 
However, char yield did not show dramatic change over 650-750°C, which is unsurprising as 
carbonisation was assumed to be nearly completed at these temperatures. Minor changes can be 
mainly caused by rearrangement of carbon and secondary reactions of volatiles. The effect of 
decomposition of tarry materials can be reduced to minimum by choosing appropriate sweeping 
gas flow rate to evacuate the system most efficiently.  
Table 4-7 Carbonisation of hazelnut shells and weight loss due to carbonisation 
 
* dry basis, ** from difference 
The total volatile content of samples was calculated from the difference between the solid 
residue and total raw material, including water content. At temperatures >650°C, this amount 
was almost in agreement with 77.5%, the volatile content of hazelnut shells obtained from 
proximate analysis plus moisture content. The liquid yield increased by 14.7 % when the 
temperature was raised from 450°C to 550°C. This was probably due to the incomplete liquid 
extraction at 450°C, consistent with the observation of higher char yield at this temperature. The 
liquid yield remained constant from 550 to 750°C, yet a reduction was observed at higher 
temperatures which could be attributed to occurrence of secondary reactions between volatile 
components in the gas phase resulting in decomposition.  
Exp. Temp
(°C)
Heating rate 
(rpm)
Nitrogen Flow 
rate (ml/min)
Rotation 
Rate (rpm)
Char *
yield(%)
Oil 
yield(%)
Gas**
yield(%)
Total 
volatiles(%)
T1 450 10 500 10 37.3 33.6 29.1 70.9
T2 550 10 500 10 34.7 48.3 17.0 83.0
T3 650 10 500 10 31.5 48.7 19.9 80.1
T4 750 10 500 10 30.6 51.2 18.3 81.7
T5 850 10 500 10 30.9 47.0 22.1 77.9
T6 950 10 500 10 29.9 45.8 24.3 75.7
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Figure 4-5 Product yield from pyrolysis of hazelnut shells 
The pyrolysis of hazelnut shells under various conditions has been investigated by other 
researchers generally at lower temperatures. For example, the product yield reported at 1000K 
(~726 °C) by Demirbas (1998a, 1999 and 2006) is around 30% char and 20-30% liquid yield. A 
35% char and 35% liquid yield at 700 °C was reported by Pütün et al. (1999). It is seen that 
these studies reported lower liquid yield compared to that achieved here; yet these publications 
used a similar pyrolysis and oil collection systems, presumably less efficient than what was 
used in the present work (no liquid nitrogen traps), which could explain the differences between 
reported liquid yield and our study.  
The liquid from the pyrolysis of hazelnut shells is a dark brown viscous oil with a high calorific 
value. The calorific value of the dried oils prepared following the method described in Section 
4.3.2, was measured for T-series tests (Figure 4-6). The results showed an increase in the 
calorific value of liquid yield with increasing carbonisation temperature confirming the results 
of (Demirbaş, 2002, Demirbaş, 2006).  
 
Figure 4-6 The calorific value of liquid yield from carbonisation of hazelnut shells at different temperatures 
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The calorific value of samples produced at temperatures over 750°C was almost constant, with 
an average of 31.3 MJ/kg and standard deviation of 0.3. A calorific value of 26.4 MJ/kg was 
reported for hazelnut shells pyrolytic oil by Pütün et al. (1999). This oil can be used in standard 
or modified burners. These liquids contain many highly oxygenated compounds produced at 
low carbonisation temperatures (~400 to 530°C), the number of these compounds decreases 
with increased carbonisation temperature. The study of liquid yield composition is beyond the 
scope of this study, although was previously investigated by (Pütün et al., 1999).       
4.4.2 Screening tests: General analysis of product 
- Yield: The results from the characterisation of the screening test series are presented in 
Table 4-8. Activated carbon yield ranged between 1.1 to 27.7 %, where 1.1% corresponds to 
SCR9 with the highest activation degree. Activation of 100g of sample with highest water rate 
(1.0 ml/min) at 950 C° for 2.5 hrs resulted in burn-off of almost all the char, thus insufficient 
activated carbon remained at the end of this experiment to be collected and analyzed. The 
reported weight is mostly related to the ash content of hazelnut shells and fine carbon particles 
stuck to the reactor walls.   
Table 4-8 Screening tests results and sample characterisation 
 
The highest yield of 27.7% was achieved for SCR15 with the lowest activation time and water 
flow rate and highest sample weight. Because of the complicated nature of the experimental 
design and the interaction of seven factors on the process, the char yield does not show clear 
Experiment Yield(%)
Burn-off
(%)
Ash
(%)
CHN analysis
C (%) H (%) N (%) C/H
SCR 1 4.0 90.0 8.6 84.4 1.05 <0.10 80.4
SCR 2 17.7 43.3 3.7 89.5 1.19 0.26 75.2
SCR 3 18.9 39.2 2.4 91.0 1.02 0.35 89.2
SCR 4 24.7 19.5 2.5 89.6 1.41 0.27 63.5
SCR 5 8.3 75.4 8.1 87.9 1.06 0.35 82.9
SCR 6
SCR 7
22.6
24.1
26.6
21.6
3.1
2.3
89.7
90.1
1.19
1.02
<0.10
0.39
75.4
88.3
SCR 8 25.1 18.0 2.5 90.2 1.40 0.38 64.4
SCR 9 1.1 100 100.0 - - - -
SCR 10 23.3 24.2 2.8 91.0 1.21 0.30 75.2
SCR 11 18.2 41.7 3.6 90.3 0.93 <0.10 97.1
SCR 12 26.8 12.1 2.6 90.2 1.37 0.31 65.8
SCR 13 20.3 34.4 3.1 90.9 1.04 0.33 87.4
SCR 14 22.1 28.4 2.4 90.8 1.26 0.32 72.1
SCR 15 27.7 9.1 2.5 90.9 0.95 <0.10 95.7
SCR 16 27.5 10.0 2.8 90.1 1.35 0.36 66.7
Raw Hazelnut shell 50.7 5.98 0.56 8.5
Carbonised shells at 750°C 89.6 1.15 0.65 77.9
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individual correlation with any of the process factors. Nevertheless, more information will be 
obtained from the statistical analysis of data set in the following sections.    
- Burn-off: The degree of sample burn-off produced in the screening test series was 
calculated using Equation 4-1, based on the carbon loss during the activation step. From the 
pyrolysis of hazelnut shells, an average of 30.4% char yield was used in the calculation of 
carbon burn-off, for the temperature range between 750-950°C. In this test series, after SCR9 
with 100% burn-off, the next highest degree of carbon burn-off - 90% - was related to SCR1. 
This experiment was carried out at 950 °C, with 2.5 hrs activation of 300g sample with 1ml/min 
water. In fact, the main conditions including temperature, water rate and dwell time for this 
experiment was similar to SCR9, except for the higher sample weight and heating rate plus 
lower reactor rotation rate. Therefore, the noticeable difference in the carbon burn-off achieved 
in these two samples highlights the effect of other factors, including activation agent to feed 
ratio, on final yield.  
- CHN analysis: Elemental analysis was carried out to investigate the effect of the 
process upon the activated carbon composition and its differences compared to the raw hazelnut 
shells. As seen in Table 4-8, CHN analysis of hazelnut shell char produced at 750°C resulted in 
89.6% carbon content, which showed an increase of 38.9% comparing to that of raw hazelnut 
shells. The increase of carbon content throughout carbonisation is indicative of releasing non-
carbon elements during pyrolysis (Lewis, 1982).  
In addition to individual elemental analysis, the ratio of carbon to hydrogen content (C/H) was 
also discussed by many researchers as an indication of the degree of aromaticity. For the present 
samples, the C/H ratio of chars showed significant increase (by nearly nine times) respect to the 
raw hazelnut shells. This suggests that significant formation of aromatic carbon has occurred, as 
expressed by Shafizadeh and Sekiguchi (1983). According to their research, the ratio of C/H of 
cellulosic char increased gradually from raw material to the stable char (achieved by 
carbonisation at 400°C). This was followed by a dramatic increase of the C/H in samples 
carbonised at higher temperatures, attributed to secondary reactions and increase in formation 
of condensed aromatic carbon.  
The statistical analysis of C/H ratio as a response from the screening tests was carried out as a 
sub-study, of which the summarized results are presented in Appendix II. The results from this 
study showed that temperature has by far the most significant impact on the value of C/H and 
therefore on the level of aromaticity developed by the produced samples. After temperature, a 
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second effective factor was found to be the heating rate, with statistically negligible effects in 
comparison with temperature.   
- Ash content: Ash content is indicative of the minerals remaining in activated carbon 
after manufacturing. The ash content is mainly an important consideration when using carbon in 
the purification of organic solutions because the inorganics could contaminate the product being 
purified (Bansal and Goyal, 2005). The ash content of activated carbon is directly related to the 
precursor type. The elemental analysis of hazelnut shells reported by Bakisgan et al. (2009), 
mostly showed the presence of CaO (27.6%) and K2O (38.7%) as the main components of these 
ashes. As no inorganics are introduced to the sample through its manufacturing process, it could 
be expected to have essentially the same elements in the ashes of the resulting activated 
carbons.   
The ash content of raw hazelnut shells was 0.7-1.1% which resulted in activated carbons 
containing ash several times higher. This could be observed in SCR1 which had the highest 
carbon burn-off degree of 90% and 8.6% ash content. A general upward relationship was 
expected between burn-off and ash content as seen in Figure 4-7. This relative increase was 
attributed to the volatilisation of carbonaceous materials through the pyrolysis step which 
consequently resulted in a rise in the minerals to carbon ratio.          
  
Figure 4-7 Ash content vs. bur-off of activated carbons from screening test 
4.4.3 Screening tests: Characterisation of samples  
4.4.3.1 Gas phase adsorption  
The nitrogen uptake by activated carbons was studied using the standard procedure explained in 
Section 4.3.2. Adsorption isotherms obtained for samples are shown in Figures 4-8 to 4-9, in 
addition to the activated carbon sample, the isotherm related to charred hazelnut shell is also 
presented in Figure 4-9. The isotherms are mainly a combination of type IV and I.  
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Among the samples produced in the screening test series, SCR1 and 5 showed the highest 
adsorption capacity, with the maximum adsorption volume of 578 ml/g occurring at SCR1. In 
addition, these two samples exhibited a wider knee compared to the other samples which is 
indicative of a wider micropore size distribution (Lozano-Castelló et al., 2001).  
 
Figure 4-8 Adsorption Isotherms for SCR1 to SCR8 
 
Figure 4-9 Adsorption Isotherms for SCR10 to SCR16 
However, on closer inspection it can be observed that isotherms obtained for the char and 
activated carbon samples showed distinctive patterns, mainly according to their maximum 
volume adsorbed at p/p0=0.95 and the shape of hysteresis loop. Accordingly, it was decided to 
classify the isotherm into three categories which will be described in the next section. 
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4.4.3.2 Classification of isotherms 
The adsorption-desorption isotherms obtained for samples produced in this study were grouped 
into three categories: A, B and C, as shown in Figure 4-10. Isotherm category A was assigned to 
the samples with total volume adsorbed Vad (p/p0=0.95) >1701 ml/g, which possessed a mixed 
isotherm type IV and I and a hysteresis type H4. This shape of isotherm has been observed for 
many activated carbons in the literature, such as Chiang et al. (2001) who reported similar data 
for two commercial carbons; Sorbonorit3 and Unicarb.  
 
Figure 4-10 Isotherm category A to C according to their hysteresis shape   
This shape of the isotherm is indicative of solids containing both micro- and mesopores. 
Moreover, the hysteresis type H4 is representative of materials with pores of slit shape (Gregg 
and Sing, 1982, Sing et al., 1985). The presence of microporosity in this category is evident 
from the high volume adsorbed at low pressures p/p0<0.1 (consistence with an isotherm of Type 
I), whereas multilayer adsorption in meso- and macropores can be inferred from the steeper 
slope of the isotherm at high pressures (consistence with isotherm of Type IV).  
In the isotherms of samples with maximum volume adsorbed of Vad (p/p0=0.95) <170 ml/g most 
nitrogen uptake had occurred at very low relative pressures, representative of micropore 
presence. As a result, the maximum uptake was limited by the micropore volume of the 
samples. The occurrence of a plateau with a negligible slope at higher pressures and the 
negligible hysteresis loop are both signs of low mesoporosity, thus relatively small external 
surface area was expected for these samples (Sing et al., 1985).   
                                                      
1 The boundaries were identified considering all other samples produced at later stages of the study. 
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Close inspection of the desorption branches of isotherms exhibiting volumes adsorbed of ~90< 
Vad (p/p0=0.95) <~170 ml/g showed a distinctive behaviour which resulted in the second category of 
isotherms- category B. That was the occurrence of desorption curve which dropped below the 
adsorption branch as seen in Figure 4-11. This shape of hysteresis could not be attributed to any 
type of error or fault in the machine analysis as it was repeatedly observed in all hazelnut shell 
derived samples displaying this adsorption capacity range. Therefore, it is postulated that this 
behaviour could be due to the shapes of the pores and inherent properties of these samples, 
which causes them to show slightly higher desorption rates than adsorption at a given relative 
pressure.    
 
Figure 4-11 Typical isotherm category B, related to RSM1-5 
The point at which desorption hysteresis loop meets the adsorption isotherm has been suggested 
to represent the point below which adsorption is believed to occur due to multilayer formation. 
Above this point, pore filling occurs through capillary condensation (Bansal and Goyal, 2005). 
In the study of the hysteresis curves, the closure point of hysteresis usually occurs at a relative 
pressure independent of the adsorbent properties, but mainly related to the type of adsorbate. 
For nitrogen at 77K, this point is estimated at p/p0≈0.42 (Sing et al., 1985).  In the samples 
analyzed in this study, isotherms assigned as category A showed a closure point almost similar 
to the pressure estimated by Sing et al. (1985). However, category B isotherms showed a 
closure point at much lower pressures, around p/p0=0.2. The final category of isotherms, 
category C, are those in which hysteresis loops were not closed at all within the pressure range 
0.2<p/p0<1.0 (Figure 4-12). 
It was established that category C isotherm was mostly related to the samples with Vad (p/p0=0.95) 
<~90 ml/g. In order to see the behaviour of the desorption curve at lower relative pressure 
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(p/p0<0.2), some tests were carried out, at reduced desorption pressure range (i.e. reducing the 
pressure at which desorption vacuum cuts off, from p/p0=0.2 to 0.18, which was limited by the 
Omnisorp software). However, no evidence of hysteresis loop closure was observed, even at 
this reduced pressure. This shape of desorption curve could be indicative of nitrogen molecules 
becoming trapped inside the porous structure of the carbon.  
 
Figure 4-12 Typical isotherm category C related to pyrolytic chars produced at 750°C 
4.4.3.3 Discussion and interpretation of isotherms with open hysteresis  
The literature survey showed that similar isotherms to category C with an open hysteresis loop 
has been previously presented by Bansal and Goyal (2005) in their book. These isotherms were 
taken from the work of Puri and Myer (1957) in the study of the adsorption of water vapour on 
charcoals with different type of carbon-oxygen surface groups. Moreover, the adsorption of 
Benzene on oxygen, carbon dioxide and steam activated brown coal was also resulted in similar 
isotherms as reported by Tomków et al. (1977).  
 
Figure 4-13 Adsorption-desorption hysteresis in adsorption of water vapour on sugar charcoal 
degassed at temperatures up to 1000°C (Bansal and Goyal, 2005) 
The low temperature hysteresis in the work of Puri and Myers (1957) was attributed to the 
presence of surface acidic groups, which consequently resulted in a large hysteresis loop due to 
the hydrophilic property of carbon. In their study, degassing samples at high temperatures of up 
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to 1000°C resulted in the closure of the hysteresis loop in these samples (Figure 4-13), mainly 
due to the removal of surface acidic groups. With the acknowledgement to the fact that this 
study was not completely comparable with the current work due to the use of water vapour 
instead of nitrogen, it was decided to degas one of the samples (MSCR16) with isotherm 
category C, at 400° to investigate the effect of chemisorbed gases and functional surface groups 
on the isotherm shape. The result showed that degassing at high temperatures resulted in 
dramatic increase in the total volume uptake by sample as seen in Figure 4-14. However, the 
shape of the hysteresis remained, implying that the open hysteresis was not caused by the 
chemisorbed gasses or surface groups.   
 
Figure 4-14 Adsorption-desorption isotherms related to char degassed at 150°C and 400°C 
It should be noted that degassing samples at 400°C under vacuum means that the sample 
undergoes another thermal treatment. Therefore, the reason for increasing the nitrogen uptake in 
the latter experiments (Figure 4-15) could be the removal of tarry residuals from the pores 
under high temperature degassing in these samples. In other words, improvement of surface 
area under high temperature degassing could be attributed to the physical modification of 
samples rather than just degassing. This type of physical modification has been previously 
reported to increase BET surface area and pore volume by removal of surface functional groups 
from the active sites on the carbon (Yin et al., 2007).      
Another possible reason for the observation of open hysteresis loops could be the shape and size 
of the pores. Supporting this theory, the SEM images of two samples with isotherm categories 
C and A were investigated, as seen in Figure 4-16. Different morphology was observed for 
these two types of samples. The evolution of isotherms category C to A was associated with a 
clear change of pore shape from almost closed circular shape to a more open intricate structure.  
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Figure 4-16 The SEM images of (a & b) hazelnut shell derived char (isotherm category C),  
(c & d) high surface area sample (isotherm category A) 
4.4.3.4 Calculation of surface area  
The BET surface area, external surface area from the t-plot, and internal surface area calculated 
from the difference of these two analyses are presented in Table 4-9, for all samples produced 
in the screening tests series.  
Table 4-9 Surface area analysis of samples produced in the screening tests series 
 
Test 
No. 
BET surface  
area (m2/g) 
External surface  
area (m2/g) 
Internal surface  
Area (m2/g) 
% of total surface area Volume adsorbed  
p/p0=0.95 Internal External 
SCR 1 1646.8 171.3 1475.5 89.6 10.4 574.1 
SCR 2 610.4 95.9 514.5 84.3 15.7 196.5 
SCR 3 632.3 132.1 500.2 79.1 20.9 219.0 
SCR 4 372.3 68.0 304.3 81.7 18.3 129.8 
SCR 5 1373 164.4 1208.6 88.0 12.0 457.2 
SCR 6 515.7 66.7 449.0 87.1 12.9 163.2 
SCR 7 305.1 67.9 237.2 77.7 22.3 109.7 
SCR 8 370.0 35.4 334.9 90.5 9.5 120.5 
SCR 10 574.4 75.3 499.1 86.9 13.1 183.7 
SCR 11 694.0 100.5 593.5 85.5 14.5 211.8 
SCR 12 410.0 38.9 371.1 90.5 9.5 126.5 
SCR 13 741.6 80.1 661.5 89.2 10.8 235.9 
SCR 14 539.1 86.6 452.5 83.9 16.1 168.6 
SCR 15 137.3 39.4 97.9 71.3 28.7 54.2 
SCR 16 371.6 58.3 313.3 84.3 15.7 126.0 
F400 1028.0 88.3 939.7 91.4 8.6 309.5 
(a) (b) 
(c) (d) 
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The nitrogen volume adsorbed at relative pressures of 0.95 was taken from the isotherms to be 
the total volume adsorbed in micro and mesopores (Rodríguez-Reinoso et al., 1995). A 
commercial coal-based carbon, Chemviron Filtrasorb 400 (F400), was also analysed for its 
porous structure. F400 is one of the most widely used carbons in water treatment, thus was 
selected as a reference material to be compared with the product from this work. The 
parameters related to BET and t-plot calculation are presented in detail in Table1 of Appendix 
IV.    
Most of the t-plots were analysed for film thicknesses between 0.5 to 0.7 nm, where the second 
linear part of plot was located. The range was different for some of the samples such as SCR1 
and SCR8 (0.6-0.8nm) due to their different t-plot shape. It should be noted that the t-plots did 
not exactly reflect any of the t-plot types discussed in 1.6.8 of Chapter I. Therefore personal 
judgment was involved in choosing the best second linear part of t-plots, thus lower correlation 
coefficients (R2>0.994) was obtained for this model comparing to the BET model. Unlike t-plot, 
the BET calculations was achieved with high correlation coefficients of >0.999 for all samples, 
mainly within a relative pressure of 0.001 to 0.1. 
As discussed in Section 1.6.7 for the BET model, the pressure range was selected to cover the 
linear part of the BET isotherm including the deflection point of adsorption isotherm (point B). 
From the literature review, it was established that pressure range is usually below 0.15 for 
microporous materials (Marsh and Rodriguez-Reinoso, 2006). Therefore, according to the type 
of porosity in samples (i.e. more microporous or mesoporous, or uniform distribution) the 
pressure range was changed to a slightly higher or lower range. For example, in the case of 
SCR1 with a wide range of pore size and the highest surface area, point B occurred at a higher 
relative pressure and thus the pressure range was selected to be 0.01-0.1. The presence of a 
sharp knee and limited adsorption in samples such as SCR 6 implied that point-B on the 
corresponding isotherms was expected to occur at lower pressures in comparison with samples 
with a wider knee. Therefore, the BET linear range for the analysis of these samples was 
changed to 0.0005-0.08 to ensure that it includes the deflection point-B.  
Although with choosing an appropriate pressure range, a good correlation coefficient was 
achieved for the analysis of BET model in these samples, it should be reminded from the 
literature review that the application of the BET model to microporous materials could be 
sometimes very critical. In fact, the BET model could lose its applicability for microporous 
materials due to the high volume adsorbed at low pressures and micropore filling. Therefore, 
the volume adsorbed as a monolayer can be over estimated by the model due to micropore 
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filling effects. In addition, the formation of multilayers in such samples is limited to the width 
of the micropores, in contrary to the basic assumption of infinite multi layer adsorption in BET 
model (Bansal and Goyal, 2005).  Judging by the shape of the samples isotherm, as well as the 
high percentage of micropore volume in these samples, it could be inferred that micropore 
filling had occurred at low pressures. Therefore, care needs to be exercised in the interpretation 
of surface area from the BET model.   
As can be seen in Table 4-9, the BET surface area of the samples varied from 137.3 to 1646.8 
m2/g, with the highest surface area occurring at 90% burn-off (SCR1). This wide range of 
values implies that the screening test did encompass a wide range of samples, sufficient for 
study of the factor effects. A general upward correlation was observed between the burn-off and 
BET surface area as shown in Figure 4-17. 
 
Figure 4-17 The variation of BET surface area with burn-off (%) 
Two of the samples (SCR1 and SCR5) showed higher surface area than the commercial 
activated carbon F400. However, the contribution of internal surface area to total surface area in 
these two samples was slightly lower than F400 (91.4%), which is indicative of higher meso 
and macroporosity in the hazelnut-derived samples. 
4.4.3.5 Pore size analysis 
Micropore and mesopore volume, obtained from HK and BJH methods respectively, are 
reported in Table 4-10. The results for commercial carbon F400 was very close to that reported 
by San Miguel et al. (2001). Looking at the level of contribution of micro- and mesopores to the 
total pore volume it can be inferred that although all samples showed higher percentages of 
micropores (an average of 66%) rather than mesopores (average 33%), they still exhibit more 
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mesopore volume in comparison with F400 which had only 19% mesoporosity. This could be 
advantageous as mesopores make a significant contribution to adsorption and also serve as good 
transport pores for adsorbents.  
  Table 4-10 Pore size distribution in the screening test series
 
Figure 4-18 shows the strong correlation between internal surface area to micropore volume and 
to a less extent mesopores to external surface area of samples. The lower correlation coefficient 
between mesopore volume and external surface area (R2=0.77) could be attributed to the low 
R2 obtained in t-plot calculations (refer to Table1 of Appendix IV), which indicates that the 
determination of the external surface areas might be subjected to some error, causing the lower 
correlation.  
Figure 4-18 Relation between surface area with micro and mesopore volume 
Test No.
Micropore (HK) Mesopore (BJH)
Volume
(ml/g)
(%) of total
volume
Mean pore 
diameter 
(nm)
Volume
(ml/g)
(%) of total
volume
Mean pore
diameter (nm)
SCR 1 0.676 61.74 0.91 0.419 38.26 6.53
SCR 2 0.216 65.45 0.70 0.114 34.55 6.06
SCR 3 0.246 61.50 0.73 0.154 38.50 7.53
SCR 4 0.149 63.43 0.85 0.086 36.57 9.04
SCR 5 0.533 66.05 0.84 0.274 33.95 7.65
SCR 6 0.185 68.24 0.69 0.086 31.76 8.37
SCR 7 0.120 59.88 0.77 0.080 40.12 8.60
SCR 8 0.149 70.92 0.86 0.061 29.08 8.77
SCR 10 0.203 66.12 0.69 0.104 33.88 8.42
SCR 11 0.268 68.02 0.72 0.126 31.98 7.57
SCR 12 0.154 75.27 0.75 0.051 24.73 9.79
SCR 13 0.281 69.73 0.71 0.122 30.27 8.90
SCR 14 0.202 70.48 0.68 0.085 29.52 8.08
SCR 15 0.055 63.22 0.85 0.032 36.78 9.09
SCR 16 0.151 67.38 0.84 0.073 32.62 9.18
F400 0.393 80.86 0.81 0.093 19.14 7.53
R² = 0.99467 
R² = 0.77476 
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The micro and mesoporosity of samples increased with burn-off as shown in the plots of Figure 
4-19. For better understanding of these plots, it should be mentioned that the pore volume 
development through carbon burning off may proceed via two mechanism of pore drilling and 
pore deepening; the extent of each being dependant on the type of feedstock, activating agent 
and production condition. Although carbon burn-off is achieved through both mechanisms 
occurring in parallel, it is believed that pore deepening is the dominant mechanism in the 
micropore range, whereas pore drilling causes the main increase in mesopore volume 
(Wigmans, 1989).  
 
Figure 4-19 Increasing micro and mesoporosity of samples with burn-off 
The slopes of the plots in Figure 4-19 imply that the micro and mesoporosity were enhanced 
nearly in parallel with increasing burn-off, though slightly at a higher rate in case of 
microporosity. The observation of considerable mesoporosity volume at burn-offs of 10-15% 
was in agreement with the theory of steam activation mechanism of biomass as explained by 
Rodríguez-Reinoso et al. (1995), who claimed steam activation occurs through pore widening 
from early stages of activation.  
Better insight to the pore development mechanism could be obtained by investigating the pore 
size distribution, presented in Figure 4-20. The analysis of pore size distribution was carried out 
to compare five samples, selected and sorted according to their carbon burn-off degrees (10-
90%). The micropore distribution curves of Figure 4-20 (a) which shows the volume adsorbed 
(ml/g) in pores with diameter of 0.5 to 2 nm, indicates that there was no significant difference 
between the maximum micropore volume of these samples at < ~0.6 nm. However, the pore 
size ranging between 0.6 to 2 nm increased considerably at high degrees of carbon burn-off. 
This implies that the micropore development with burn-off had occurred through micropore 
widening, rather than drilling more tiny micropores of less than 0.6nm.  
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Figure 4-20 Pore distribution curves, (a) Micropore volume (ml/g) vs. pore diameter and (b) Mesopore volume 
(ml/g) vs. pore diameter at five level of activation degrees 
The mesopore distribution plots in Figure 4-20 (b) showed slightly shifted peaks towards larger 
pores with increasing burn-off. Moreover, an upward shift in the initial part of these plots was 
observed with increasing burn-off. This was attributed to the formation of mesopores with a 
smaller average diameter due to the simultaneous pore drilling and micropore widening 
occurring at higher reaction rates. 
From the collective analysis of pore size distribution, it was concluded that steam activation of 
hazelnut shell char initiates with the attack of water molecules (steam) creating pores of both 
micro- and meso- size. The activation continues with formation of more mesopores due to 
micropore widening. This theory is supported by the observation of an initial plateau in the 
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mesopore volume plot (Figure 4-19), which is indicative of presence of mesopores from early 
stages of activation at a constant level which increase later. 
4.4.3.6 Liquid phase adsorption: Iodine Number  
The iodine number was obtained from three point adsorption tests as explained in section 4.3.2 
of this chapter. The carbon dosage was calculated from initial iodine number estimated to be 
equivalent to the BET surface area (they are usually similar values). The tests were repeated in 
case the first estimation did not yield results within an acceptable range. Iodine numbers are 
reported in Table 4-11 and compared to the corresponding BET surface area of each sample. 
For most of the samples these two values are very close (Figure 4-21). Other researchers also 
reported similar values for iodine number and BET surface area of samples (Aygün et al., 2003, 
Baçaoui et al., 2001). 
Table 4-11 Iodine number of screening test series and related BET surface area 
 
 
Figure 4-21 Comparison of BET surface and Iodine number for screening tests 
The iodine number of samples was compared to a commercial carbon F400, which was taken to 
be within the range of 1000-1100 as reported in the literature (Walker and Weatherley, 1998). 
As can be seen in Figure 4-21, SCR1 and SCR5 exhibited up to 1.5 times more Iodine 
adsorption capacity than F400. Due to the very close similarity between the iodine adsorption 
capacity and nitrogen gas adsorption surface area, it was decided to cease using the iodine 
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Experiment Iodine No. 
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Experiment Iodine No. 
(mg/g) 
BET surface area 
(m2/g) 
SCR 1 1574 1646.8 SCR 10 629 574.4 
SCR 2 481 610.4 SCR 11 812 694.0 
SCR 3 734 632.3 SCR 12 312 410.0 
SCR 4 411 372.3 SCR 13 819 741.6 
SCR 5 1308 1373 SCR 14 541 539.1 
SCR 6 533 515.7 SCR 15 179 137.3 
SCR 7 335 305.1 SCR 16 254 371.6 
SCR 8 296 370.0 F400 1000-1100 1028 
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number test in the next steps of this work. Instead, phenol and methylene blue adsorption tests 
were replaced to investigate the liquid phase adsorption of samples, as the results from these 
two tests were not as clearly correlated to other characterisation tests e.g. BET surface area.    
4.5 Statistical analysis of screening tests  
4.5.1 Calculation of main effect estimates and related plots  
In this section, the influence of each process factor was statistically investigated on different 
responses. From the results of this analysis the most effective parameters could be selected for 
further investigation with appropriate designs at more levels of each factor. With the activated 
carbon yield, carbon burn-off and surface area taken as the three responses of interest, the main 
effects of each factor was estimated and presented in Table 4-12.  
Table 4-12 27-3design contrast constant and effect estimates  
 
*A: activation temperature, B: dwell time, C: water rate, D: heating rate, E: nitrogen flow rate, F: reactor rotation rate, G: 
sample weight.  
The yield and burn-off of SCR9 (for which nearly all of the carbon content was removed), were 
measured to be 1.1% and 100%, respectively. However, there were complications regarding 
sample surface area, as it was impossible to analyze the collected sample, being mainly ash. 
Considering zero for this data point was not acceptable, concluded from the fact that samples 
produced under these conditions may have shown a very high surface area judging by the 
production conditions. Therefore, in order to fill the missing data point, the BET surface area of 
this sample was estimated from two possible scenarios: 
Exp. A* B C D E(ABC)
F
(BCD)
G
(ACD)
Product 
Yield 
(%)
Burn
Off
(%)
BET
Surface Area
(m2/g)
1 +1 +1 +1 +1 +1 +1 +1 12.1 90.0 1646.8
2 -1 +1 +1 +1 -1 +1 -1 17.7 43.3 610.4
3 +1 -1 +1 +1 -1 -1 +1 18.9 39.2 632.3
4 -1 -1 +1 +1 +1 -1 -1 24.7 19.5 372.3
5 +1 +1 -1 +1 -1 -1 -1 8.3 75.4 1373
6 -1 +1 -1 +1 +1 -1 +1 22.6 26.6 515.7
7 +1 -1 -1 +1 +1 +1 -1 24.0 21.6 305.1
8 -1 -1 -1 +1 -1 +1 +1 25.1 18.0 370.0
9 +1 +1 +1 -1 +1 -1 -1 1.1 100 1740.0
10 -1 +1 +1 -1 -1 -1 +1 23.3 24.2 574.4
11 +1 -1 +1 -1 -1 +1 -1 18.1 41.7 694.0
12 -1 -1 +1 -1 +1 +1 +1 26.8 12.1 410.0
13 +1 +1 -1 -1 -1 +1 +1 20.3 34.4 741.6
14 -1 +1 -1 -1 +1 +1 -1 22.0 28.4 539.1
15 +1 -1 -1 -1 -1 -1 +1 27.7 9.1 137.3
16 -1 -1 -1 -1 -1 -1 -1 27.4 10.0 371.6
Main 
effect 
estimates
-7.4 -8.2 -4.4 -1.6 0.2 1.5 4.2 Product Yield
28.7 31.4 18.3 9.2 2.6 -1.8 -10.8 Burn-off
453.3 571.0 305.8 62.2 52.4 -64.9 -137.2 BET surface Area
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Scenario I: The missing data point was obtained from a linear model, which correlates the BET 
surface area to carbon burn-off, as previously shown in Figure 4-17. The equation fitted to these 
data (Equation 4-2) had a regression coefficient of 0.94, close to unity. For carbon burn-off of 
nearly 100%, the BET surface area for SCR9 from this model was obtained to be 1740 m2/g.   
!! = !16.765x! + !64.025                                                                                            Equation 4-2 
Scenario II: It was previously described that the analysis of variances of the screening test 
results is based on a first order regression model, which correlates the BET surface area to the 
seven variable process factors. This model (with SCR9 excluded from the dataset) could be also 
used to accommodate the missing data point. The model was determined to have a form of:  
!"# = !646.89 + 176.45! ! + 235.32! ! + 102.72! ! +!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 4-3!81.30!(!) !− 24.01!(!) !+ 17.73!(!) !− 18.38!(!)      
This model yielded a regression coefficient of 0.67 and the BET surface area of 1056 m2/g for 
the corresponding variables conditions of SCR9. It should be noted that although the 
experimental design could be used to produce a model at this stage (using the two level 
screening tests design), the model would not be accurate due to the lack of knowledge of what 
happens between the extermum levels of each factor. Therefore, it can only be used as a rough 
prediction tool. 
Based on the observations from the screening test series, the surface area obtained from 
Scenario II was expected at much lower burn-offs. This fact, in addition to the higher regression 
coefficient achieved from Scenario I, suggested that Scenario I was most likely to provide a 
better prediction for the missing point from the linear relationship between the BET surface area 
and burn off. Moreover, it was established that the final decision making process is not highly 
sensitive to the value of this point, as the investigation of main effects and analysis of variations 
with a range of rationally acceptable estimations did not change the final set of selected 
variables. Using the predicted value for the missing data point, the main effect estimates were 
calculated for all factors and presented in the last row of Table 4-12.    
In order to determine the significance of process factors, main effect estimates calculated from 
three responses: product yield, carbon burn-off and BET surface area (previously reported in 
Table 4-12) have been compared with each other in Figure 4-22. The larger magnitude of main 
effect estimates is indicative of higher level of significance for the corresponding process factor. 
The sign of the effect shows positive or negative contribution of that factor to each response.  
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Figure 4-22 the effect estimates of process factors obtained from three responses 
Temp.: activation temperature, Dwel.: dwell time, Wat.: water rate, Heat.: heating 
rate, N2: nitrogen rate, Rot.: reactor rotation rate and Wt.: sample weight 
The main effect plots, as seen in Figure 4-23, were obtained from the average value of responses 
(product yield, surface area and carbon burn-off) at two level of each factor. For example, 
referring to the temperature sub plot in Figure 4-23 (a), the first point is representing the 
average of BET surface area of all the experiments carried out at 750°C; similarly, the second 
point is the average of BET surface area in all the experiments carried out at 900°C. The 
steepest plots are indicative of factors with the most significant effect. The results withdrawn 
from these plots and numbers will be further analysed and discussed in the next section.  
Figure 4-23 The main effect plots for each factor and responses: (a) BET surface area (m2/g), (b) Carbon 
burn-off (%) and (c) Product yield (% 
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4.5.2 Analysis of effect estimates and plots  
The effect estimates (in Figure 4-22) showed similar trends in the case of BET surface area and 
degree of carbon burn-off, resulting from the linear relationship between these two responses.  
For these two responses, dwell time followed by activation temperature and water rate are the 
factors with the highest effect. Increasing nitrogen uptake capacity with activation temperature 
and dwell time was also reported by González et al. (2009), in the study of steam activation of 
walnut shells. The high “positive” effect of these three factors is indicative of their significant 
contribution to the enhancement of surface area. This means that, running these three factors at 
their highest level will guarantee the achievement of maximum carbon burn-off and surface 
area, with other factors kept constant. Evidently, the effects followed an (logically) opposite 
pattern for product yield, resulting from its indirect relationship with carbon burn-off.  
Four other parameters, including heating rate, nitrogen flow rate, reactor rotation rate and 
sample weight, were found to have a lower impact on the BET surface area. Regardless of their 
non-significant effect, the factors with lower impact can still provide information for the better 
understanding of the process. For instance, based on the positive effect of the heating rate on 
surface area and carbon burn-off, it was decided to use the higher heating rate of 10 °C/min in 
the next steps of the study. The application of higher heating rate could contribute to better pore 
development presumably due to faster volatile release through the carbon structure, and 
preventing secondary reactions and volatile re-condensation within the pore structure. 
The small positive effect of nitrogen flow rate on surface area and carbon burn-off indicated 
that the flow rate at the higher end had been sufficient enough to remove the volatiles and 
provide enough contact time between water molecules and carbon while undergoing activation. 
The effect of varying nitrogen flow rate (at different heating rates) was previously studied by 
Koçkar et al. (2000) on pyrolysis of hazelnut shells. With increasing the heating rate from 7 to 
40°C/min and nitrogen flow rate from 100 to 400 ml/min they reported negligible (1-3% 
decrease) in char yield. These results were in agreement with insignificant effects of changing 
heating rates from 2 to 10°C/min and nitrogen flow rate from 100 to 600 ml/min in the present 
work. Consequently, as with the heating rate, the level of nitrogen flow rate was kept constant 
in further experiments; although its value was determined following further investigation of the 
effect interactions in Section 4.5.4.   
The effect estimates in Figure 4-22 also shows that the heating rate and nitrogen flow rate have 
higher impact on the carbon burn-off compared with BET surface area, implying that increasing 
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these two factors contributed to higher carbon burn-off but did not enhance the surface area to 
the same extent. In other words, there are factors that contribute at different levels to these two 
responses; hence some non-linearity could be expected between the two responses, as 
previously seen in Figure 4-17. Moreover, the higher effect of nitrogen flow rate on carbon 
burn-off could be also attributed to the removal of fine carbon particles from reactor under 
higher flow rates and not necessarily causing a higher rate of carbon burn-off.  
Among factors with negligible effects, sample weight showed the highest effect on all 
responses, especially in the case of product yield. This was logical, due to increased sample 
weight providing more feedstock, thus reducing the water to feedstock ratio and consequently 
creating poorer mixing conditions. Because the effect of sample weight was correlated with 
water rate in terms of water to feed ratio, it was assumed that by having water rate as a variable 
factor, the effect of changing sample weight would be accommodated as well. Thus, sample 
weight was kept constant in the subsequent steps of the study.  
4.5.3 Analysis of variance (ANOVA)  
The analysis of variance (ANOVA) provides accurate statistical tools which help to make 
decisions about the level of significance of factors with much more certainty. The ANOVA of 
screening tests was performed using MATLAB and summarized in Table 4-13. 
Table 4-13 Analysis of variances of responses (a) BET surface area, (b) carbon burn-off and (c) product yield 
 
(a) BET surface area
Source SS d.f. MS F0 P-value
Temp. 822014.2 1 822014.2 6.28 0.0366
Dwell 1304392.4 1 1304392.4 9.97 0.0134
Wtr. 374176.9 1 374176.9 2.86 0.1292
Hr. 15475.4 1 15475.4 0.12 0.7397
N2 10972.6 1 10972.6 0.08 0.7795
Rot. 16874 1 16874 0.13 0.7288
Wt. 75267.9 1 75267.9 0.58 0.4699
Error 1046471.1 8
130808.9Total 3665644.5 15
(b) Carbon burn-off
Source SS d.f. MS F0 P-value
Temp. 3286.2 1 3286.2 11.48 0.0095
Dwell 3940.7 1 3940.7 13.77 0.0059
Wtr. 1341.4 1 1341.4 4.69 0.0623
Hr. 339.5 1 339.5 1.19 0.3078
N2 27.8 1 27.8 0.10 0.7631
Rot. 13.1 1 13.1 0.05 0.8357
Wt. 465.5 1 465.5 1.63 0.2380
Error 2289.4 8 286.2
Total 11703.6 15
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Table 4-13 (continue) Analysis of variances of responses  (c) product yield 
   
The analysis was established at 95% significance level, based on the sum of squares (SS), 
degree of freedom (d.f.), mean squares (MS), F0 and P-value of the screening test data set. The 
parameters with high F0 and P-values less than 0.05 are indicative of significant factors (Sahu et 
al., 2010). This implies that the assumption of equality (!! = 0) or being insignificance (null 
hypothesis) can be rejected for that parameter and thus, a great variance would be expected by 
any changes in that specific parameter (refer to Appendix I).   
The critical F0, above which factors are considered to be effective, can be obtained from the 
standard F-distribution tables. F-distribution tables are associated with two types of degree of 
freedom; numerator and denominator. Numerator (dfn) refers to the degree of freedom related to 
a first order regression model fitted to these results and is obtained from the number of 
coefficients to be estimated in the linear regression. It should be noted that this does not include 
the intercept, thus dfn is equal to the number of variables (k). Denominator (ddfn) is actually the 
degrees of freedom related to the error error and is calculated by n-k-1, where n is the number 
of observations and k is the number of variables, as previously mentioned.  
Accordingly, for (dfn)=7 and (ddfn)=8 and 0.95 significance level the critical F-value was 
obtained to be 3.5 for this data set. This indicates that dwell time followed by activation 
temperature are the factors with significant effect in all responses. Moreover, the assumption of 
sample weight being significant, which was previously determined from the main effect 
estimates study, can be certainly rejected according to its low F0 and high p-value at all 
responses. Instead, the effect of water (steam flow) rate was found to be more profound on the 
product yield, with F0>3.5; therefore, from this point forward sample weight was kept constant 
(200 g).  
From all these analyses collectively, dwell time, activation temperature and water rate were 
selected from the ANOVA to be most significant process factors. It is noted again that selection 
(c) Product Yield
Source SS d.f. MS F0 P-value
Temp.
Dwell
218.301
266.506
1
1
218.301 10.77 0.0112
266.506 13.15 0.0067
Wtr. 75.256 1 75.256 3.71 0.0901
Hr. 11.056 1 11.056 0.55 0.4812
N2 0.226 1 0.226 0.01 0.9186
Rot. 9.151 1 9.151 0.45 0.5205
Wt. 70.141 1 70.141 3.46 0.0999
Error 162.115 8 20.264
Total 812.749 15
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of water rate was also aimed to address the effect of water to sample weight ratio, as it was 
decided to keep the latter constant.  
4.5.4 Analysis of second order interactions 
Second order interactions between main factors were analysed for their effect estimates, using 
the response related to BET surface area. This response was used in most analysis as the main 
subject of interest and also found to be correlated to two other responses. Accordingly, the 
second order interaction effect estimates between the three most significant factors 
(temperature, dwell time and water rate, as identified in previous section) and related plots are 
presented in Table 4-14 and Figure 4-24 respectively.  
The interaction between dwell time and temperature, illustrated in subplots (a) and (c) are 
indicating that the effect of longer dwell time was much more significant at high temperature 
compared with low temperature. Similarly the effect of increasing temperature was more 
significant at longer dwell times. Consequently, any increase in activation temperature at short 
dwell times, or applying longer dwell times at very low temperatures will not contribute to 
enhancement of internal surface area.   
Table 4-14 The effect estimates of second order interaction between process factors
 
  
 
Figure 4-24 Second order interaction plots between the significant main effects  
Subplots (b) and (e) of Figure 4-24 show the interactions between temperature and water rate. 
From plot (e) it can be inferred that increasing water rate at lower temperature (750°C) did not 
Interaction Interaction Effect Estimates
Temperature Dwell time 27.2
Temperature Water rate 13.4
Dwell time Water rate 8.4
 
 
Temperature Temperature = 750
Temperature = 950
400
600
800
1000
1200
1400
400
600
800
1000
1200
1400
 
 
Water Rate Water Rate = 0.3
Water Rate = 1.0
0.5 2.5 0.3 1
 
 
Dwell Time Dwell Time = 0.5
Dwell Time = 2.5
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
750                 900       0.5                   2.5 
Chapter 4 Screening(Tests(Design(and(Analysis(
 
146 
 
have considerable effect on internal surface development. However, at high temperature a 
significant increase was observed with water flow rate increasing from 0.3 to 1.0 ml/min. the 
increase in carbon burn-off and internal surface area with increasing temperature was reported 
by Baçaoui et al. (2001) in the case of physical activation of olive waste cake with steam. These 
results were attributed to increasing reactivity between amorphous carbon and water at high 
temperature, which eventually leads towards a decrease in the product yield. The interactions 
between dwell time and water rate in subplots (d) and (f) are indicative of the enhancement of 
surface area at longer dwell times and higher water flow rate, irrespective of the other factor’s 
level.        
As# seen# in# Table# 4,14,# the# greatest# interaction# effect# between#main# factors# (temperature,#
dwell# time# and# water# flow# rate)# was# obtained# for# dwell# time# and# temperature.# However,#
referring# to#Table#4,5,# the# effect# of# these# two# factors# is# aliased#with# the# interaction#of# the#
water,nitrogen#flow#rate#and#sample#weight,rotation#rate.#Therefore,#all#these#interactions#
are#presented#in#plots#of#Figure#4,25#for#further#investigation.#
 
Figure 4-25 Second order interactions aliased with dwell time and temperature  
From subplots (a) and (b) it can be found that the variance caused by changing water rate from 
0.3 to 1.0 ml/min is not significant when low nitrogen flow rates were used. On the other hand, 
increasing the nitrogen flow rate from 100 to 600 ml/min at a high water feed rate results in the 
enhancement of the mean BET surface area of samples. This effect is attributed to providing 
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sufficient sweeping gas to flush the reactor of excess volatiles during the carbonisation step and 
hence preventing secondary reactions. However, during activation, a high nitrogen flow rate of 
600 ml/min seems to be unfavourable when 0.3 ml/min water was used, which was attributed to 
the removal of the activating agent from the reactor cavity before equilibrium conditions are 
achieved. Therefore, a slightly lower nitrogen flow rate of 400 ml/min was selected for the 
experiments from this point forward.  
The interaction between sample weight and rotation, as illustrated in subplots (c) and (d), is 
mainly attributed to the mixing effect. While complete mixing was achieved for 100g of sample 
at a lower rotation rate, the higher rotation rate was required when 300g of sample was used. 
Therefore, a reactor rotation rate of 10 rpm was selected to be used in further experiments. 
4.5.5 Uncertainties of non-replicate designs   
It is important to note that the design used here was a single replicate fractional factorial, when 
replicate refers to producing more than one observation for a set of experiment conditions. 
Numerous publications can be found in literature using single replicate designs and statistical 
analysis for determination of factors’ significance e.g. (Ravikumar et al., 2005, Ahmad and 
Alrozi, 2010, Sahu et al., 2010). In most designs only one treatment combination, mainly a 
central point or a critical point, is performed with replicates, providing information for 
calculation of error. Yet, application of inferential  statistics such as p-value and f-test is the area 
of uncertainty for such single replicate data sets. 
The problem with non-replicate designs was addressed by Hurlbert (1984) for the first time, 
introducing the term Pseudoreplication as: “The use of inferential statistics to test for treatment 
effects with data from experiments where either treatments are not replicated (though samples 
may be) or replicates are not statistically independent”. Hurlbert reviewed 156 publications in 
his paper with the evidence of Pseudoreplication in the field of ecology studies, though similar 
cases can be found in all other fields. Considering the single replicate design used in the present 
study, it seemed necessary to address this problem here and point out the importance of 
replicates in experimental designs.   
There are different approaches to the statistical analysis of non-replicate designs, one of which 
is to assume that certain high order interactions are negligible (Sparsity of effects principles2), 
                                                      
2 Most systems are dominated by some of the main effect and low order interactions, most high order 
interactions are negligible (Myers et al., 2009). 
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and combining their mean squares in order to calculate the error. Even so, this is not an 
appropriate assumption when very high order interactions occur in the design. A method 
suggested by Daniel (1959) can be of great use for such cases, in which the half normal 
probability plots of effect estimates are used to determine the significance of factors. In his 
method, Daniel suggested that negligible factors are normally distributed and therefore would 
lie on a straight line in the normal plots, whereas, the significant effects will be diverted from 
the straight line. As an example the half normal probability plots related to the BET surface area 
response obtained from MATLAB software are presented in Figure 4-26.  
 
Figure 4-26 Half normal probability plot of main effect estimates related to BET surface area response 
Two linear segments can be identified in this figure; the first one shows all factors aligned 
except sample weight, heating rate and dwell time, which is indicative of their significant effect 
on the response. The second one, identified with a dashed line, shows sample weight, reactor 
rotation rate and heating rate aligned, implying that dwell time, temperature water rate and to a 
less extent nitrogen rate, are significant factors. As the results from the second identified linear 
part is consistence with the results from ANOVA and the study of main effect estimates the 
normal probability could be considered as a confirmation to the previous analyses, also 
addressing the problem with non-replicate experimental design which was used here.    
4.6 Summary and Conclusions 
In this chapter, the design and analysis of screening tests was presented. Initially, seven factors 
were considered to be influential in the production of activated carbons. As recommended for 
screening tests, a two level experimental design with seven variable factors was implemented to 
investigate the process. Having the tests designed based on a fractional factorial design (2!"!!!), 
experiments were carried out to produce observations (responses) including product yield, 
degree of carbon burn-off and surface area of produced activated carbons. 
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The statistical analysis of screening test results includes the analysis of variance (ANOVA) and 
effect estimates, which were achieved using built-in MATLAB programming software 
functions.  These analyses collectively signified dwell time and activation temperature to be the 
most active factors in preparation of activated carbon from hazelnut shells using steam 
activation. Water feed rate with a moderate effect was also selected to account for the activating 
agent to feed rate, as sample weight was kept constant. These factors were selected to be 
subjected to further investigation using multi-level experimental designs and eventually process 
optimisation. For other factors a constant level was considered based on the observations and 
understandings obtained from the analysis of factor effects; accordingly, 200 g of sample 
weight, 400 ml/min of nitrogen flow rate and reactor rotation rate of 10 rpm was selected for 
further studies.  
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5. Chapter 5 
Conventional Method: Multi level Design and Optimisation   
5.1 Introduction 
The seven factors, two level screening test, presented in the previous chapter, was implemented 
with the objective of identifying the factors with greatest effect, on the single step-conventional 
production of activated carbon from hazelnut shells. Among these factors, activation 
temperature, dwell time and activating agent rate (water flow rate) were selected for further 
studies by a multi level design and process optimisation. This study is structured around several 
successive steps: (i) establishment of a multi level matrix design using selected variables from 
the screening tests, (ii) choice of responses and characterisation of samples, (iii) mathematical 
modelling of the responses and finally (iv) optimisation of the responses. 
The samples produced through this design are analysed for their gas and liquid phase adsorptive 
properties and porous structure. The multi level design utilised at this stage enables the 
development of second order regression models. From the regression models, the optimisation 
will be achieved with the objective of highest surface area (adsorption capacity) and product 
yield, at the lowest possible energy consumption. Following this scheme, Section 5.2 of this 
chapter is dedicated to the introduction of multi design employed in this study, followed by a 
summary of model fitting and statistical analysis methods of regression models. Section 5.3 
describes the experimental setup and sample production and finally sample characterisation 
methods.  
Section 5.4 presents the results from multi level design and general analysis of product yield, 
and liquid and gas phase adsorption tests. The regression models and related statistical analysis 
will be presented in Section 5.5. Section 5.6 looks into the effect of parameters on each 
response. The energy consumption in the conventional heating system was investigated and 
modelled in Section 5.7. Eventually, the optimisation of conventional production method will 
be discussed in Section 5.8.  
5.2 Design of experiments for multi level variable  
From the multi level designs introduced in Section 1.7.3, a Doehlert matrix was selected to be 
used for the study of carbon properties at this stage. The Doehlert multi-level design is 
employed to provide data points on the selected three variable factors to allow for fitting a full 
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(a) Two variable design (2D) (b) Three variable design (3D)
A B A B C
1 0 0 1 0 0 0
2 1 0 2 1 0 0
3 0.5 0.866 3 0.5 0.866 0
4 −1 0 4 0.5 0.289 0.817
5 −0.5 −0.866 5 -1 0 0
6 0.5 −0.866 6 -0.5 -0.866 0
7 −0.5 0.866 7 -0.5 -0.289 -0.817
8 0.5 -0.866 0
(c) Variable Range 9 0.5 -0.289 -0.817
Variables Range 10 -0.5 0.866 0
A (Temperature, C) 750 900 11 0 0.577 -0.817
B (Water rate, ml/min) 0.3 1.0 12 -0.5 0.289 0.817
C (Dwell time, hr) 0 4 13 0 -0.577 0.817
quadratic model. This design was selected due to its higher efficiency comparing to other 
designs such as CCD and BBD as reported in literature (Ferreira et al., 2004). As previously 
discussed, the Doehlert matrix describes a spherical domain with uniform space filling points 
and n2+n+1 runs, where n is the number of variables.  
Unlike factorial designs in which variables are only used at two levels (1 to be the highest and -
1 the lowest value of each factor), the Doehlert design employs factors at 3-5 levels; some 
factors at -1, -0.5, 0, 0.5 and 1,  and others at -0.866, 0 and 0.866. The values in the design are 
coded values which can be converted to real values using Equation 5-1, where U! the real value 
of the parameter, U! the mean value of each parameter in experimental domain, and!∆U!, half of 
the difference between the highest and the lowest value for U!: 
U! = !! .∆U! + U!                                                                                                        Equation 5-1 
Using coded values at multi level designs is aimed to provide a uniform matrix design, which 
can be implemented in all studies with different variable ranges.  
Table 5-1 The Doehlert matrix for two and three variable design and the variable range 
The Doehlert matrix designs for two and three variables, is presented in Table 5-1. In the two 
variable design (2D-design), the main factor is located at 5 levels and the other at 3 levels, 
whereas the three variable design (3D-design) contains two factors at 5 levels and one at 3 
levels. At this point the 3D design could be easily implemented for the three parameters 
selected through screening tests. However, in order to increase the resolution of the design, it 
was decided to divide the 3D design into four 2D designs, at different levels of the most 
significant factor which is dwell time. This modification increased the number of experiments 
from 13 to 28, providing better accuracy and full coverage of the test region.  
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Figure 5-1 shows the graphical form of the design in 3 dimensions. The four surfaces are 
designed based on a 2D Doehlert matrix, which are repeated at four equally distributed levels of 
dwell time, normalized to a (-1, 1) range. 
 
Figure 5-1 The 3D graphical shape of the multi level design      
From the coded values seen in Figure 5-1, 28 tests were designed for activation temperature of 
750 to 900°C for, 0.3 to 1.0 ml/min water rate and dwell time of 1 to 4 hours. Other factors 
were kept constant. Accordingly, the test conditions are presented in Table 5-2. The experiments 
are identified as RSMi-1 to RSMi-7, where i refers to the level of dwell time, from 1 to 4 hours.    
Table 5-2 The 2D Doehlert design for temperature and water rate, at five levels of dwell time 
 
The temperature range was reduced from 750-950°C in the screening tests to 750-900°C, in 
order to moderate the extreme conditions, as dwell times of up to 4 hours were planned to be 
used. At each response, the experiment related to a selected point was performed in triplicate to 
allow for the calculation of error and increasing the regression model level of significance. 
5.2.1 Regression model fitting and analysis methods 
Second order regression models are usually applied to the results from a multi level 
experimental design. The statistical methods of model fitting are introduced here briefly, more 
details can be found in most statistic books (also in Myers et al. (2009)). A second order 
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Exp. Temp 
(°C)
Water rate 
(ml/min)
Heating 
rate (rpm)
Nitrogen Flow 
rate (ml/min)
Rotation Rate 
(rpm)
Sample 
Weight (g)
RSMi-1 825 0.65 10 400 10 200
RSMi-2 900 0.65 10 400 10 200
RSMi-3 862 0.95 10 400 10 200
RSMi-4 750 0.65 10 400 10 200
RSMi-5 787 0.35 10 400 10 200
RSMi-6 862 0.35 10 400 10 200
RSMi-7 787 0.95 10 400 10 200
Experiments carried out at dwell times from i=1 to 4 hrs, at 1hr steps
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quadratic model is expressed in the form of Equation 5-2, which can be shortened to Equation 
5-3.     
! = !! + !!!!!!!! + !!!!!!! + !!"!!!!!!!!!!!!!!!!!!!! + !                                   Equation 5-2 
! = !" + !                                                                                                                  Equation 5-3 
In which, Y is a vector of observation, !! is intercept, !!! is the linear coefficient term, !!! is the 
quadratic term coefficient, !!" indicates the coefficient of the term related to correlation 
between variables and !!is the error term. In Equation 5-3, the intercept, linear and quadratic 
terms are represented by a matrix X, which consists of the levels of the independent variables 
expanded to model form, plus an additional column (ones) to account for the intercept term in 
the model:  
 
! = !!!!⋮!! , X=
1!!1!!⋮!!1!!
!!!!!!!"!!⋮!!!!!!!
!!"!!!⋮!!!
…
…
!!! !!!!! !!⋮!!" !!
!!!!!!"!⋮ !!!!!!!
…
… !!
!!!!!!!!⋮!!"!!!
!!!×!!"×⋮!!!!!×
!!"!!!⋮!!!!!!
…
… !!
!!!!!×!!!!!×⋮!!"!!×
!!!!!!⋮!!" , ! =
!!!!⋮!!  
The estimation of model terms typically requires the application of the least squares method for 
such multiple linear regression models. The method is based on minimisation of the square of 
the error term, expressed as:  
! = !!!!!!! = ! ! ′! = ! − !" ′(! − !")                                                                 Equation 5-4 
By placing the !"!" ! = 0 with the purpose of minimisation of L, the final equation for regression 
coefficients will be obtained to be (more details in Myers et al. (2009)):  
! = (!′!)!!!′!                                                                                                          Equation 5-5 
The regression coefficients can be calculated by solving the system of equations generated 
according to Equation 5-5. This could be achieved manually or using programmable software 
such as MATLAB, which was the case in this study.  
The test for significance of regression model and the analysis of variances (ANOVA) is similar 
to that explained in Appendix I. Additionally, the t-statistics can be used to test hypothesis on 
Main factors Main factors squared Second order interactions 
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individual regression coefficients, to identify the level of significance of each model term. The 
t-Stat can be obtained from the ratio of each coefficient to the standard error (StdErr).  
!! = !!!"! !!                                                                                                                   Equation 5-6 !"#$%%! !! = !!!!!                                                                                                Equation 5-7 !! = !!!!−!                                                                                                                      Equation 5-8 
Where, n is the number of observations, p is the number of variables and !!! is the diagonal 
elements of (!′!)!!. The null hypothesis can be rejected if !! > !∝/!,!!!!! according to 
which the significance level of each factor in the regression model is evaluated. For example, if 
a model term, say (x2)2 with x2 being activation temperature, was found to be significant, it can 
be inferred that this factor has a significant effect on the response  by introducing curvature to 
the response surface expressed by this regression model.    
Having provided this basic information on the regression modelling methodology, the next 
section describes the process through which data is produced to be used in the regression 
models. The introduced methods were employed to produce samples according to the 
experimental design matrix of Table 5-2. The main responses (observations) are product yield, 
carbon burn-off degree and BET surface area of produced carbons. Samples were also 
characterised for other properties such as pH, ash content and liquid phase adsorption capacity.      
5.3 Sample production and characterisation 
The production of activated carbons (28 samples of Table 5-2) was carried out following the 
standard procedure as described in Section 4.3.1. The activated carbon yield was accurately 
measured at the end of each test and samples were stored in sealed bags for further 
characterisation. Before any analysis, all samples were crushed and sieved until 95 wt% or 
more passed through a 0.044 mm mesh size. The ash content of the activated carbon was 
measured according to the standard test method ASTMD2866-94 and ASTMD2867-99. 
Following a method used by Bagreev et al. (2001), the pH of samples was measured using a 
contact batch test, in which 0.4 g of dry carbon was added to 20 ml of water, stirred overnight, 
filtered (through 0.45 µm cellulose nitrate membrane filter (Whatman Ltd, UK) and measured 
for its acidity-basicity using a calibrated pH probe (Fisher Hydrus 500). 
About 0.25 g of each sample was subjected to gas phase adsorption-desorption analysis, using 
the same method as explained in Section 4.3.2. For samples which a very high surface area was 
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predicted, only 0.125 g was used in the Omnisorp tube, as using 0.25 g of sample could result 
in long runs of up to 24 hrs. The liquid phase adsorption by the samples was investigated using 
phenol and methylene blue adsorption tests. The tests were carried out at equilibrium following 
a modified standard test method ASTMD3860. Prior to the equilibrium studies, kinetic tests 
were undertaken for two samples with the highest and lowest surface area, in order to estimate 
the minimum time to achieve adsorption equilibrium.   
Different solution concentration and carbon dosage was applied for phenol and methylene blue, 
thus each adsorbate will be discussed separately in Section 5.4.2, where results are presented. In 
general the following process was repeated for each isotherm using the required carbon dosage. 
Accurately weighed sample (up to four decimal places) was placed in a 250 ml conical flask; 
solution was transferred to the flask using type A, bulb pipettes. Flasks were agitated in a 
shaker until equilibrium was achieved; the suspension was filtered through cellulose nitrate 
membrane filter 0.45µm. The residual concentration of adsorbate in the filtrate was measured 
using a Shimadzu UV 2401PC spectrometer. The wavelengths of 668 and 270 nm were used 
for methylene blue and phenol measurements, respectively (Hameed et al., 2007, Tancredi et 
al., 2004). Adsorption isotherms were obtained for samples by plotting the adsorbed amount at 
equilibrium per gram of carbon (qe) versus filtrate concentration at equilibrium (ce). Adsorptive 
parameters were calculated from Langmuir and Freundlich models, fitted to the isotherm data.  
The pH of zero charge (PZC) of selected samples was measured, to be used in the analysis and 
interpretation of liquid phase adsorption tests. The method was a modified version of that from 
the work of Faria et al. (2004) and Newcombe et al. (1993); about 0.15 g of sample was added 
to 50ml of 0.01M NaCl solution. The pH of the solution was adjusted to vary between 2 and 11 
using 0.01M solution of HCl and NaOH. The solution was bubbled with nitrogen for 2 hrs to 
remove any dissolved gases such as CO2 at a constant temperature of 25°C. The final pH of the 
solution was measured using a calibrated pH meter and probe; from the curve showing the 
relationship between pHinitial and pHfinal, the PCZ was determined at the point where 
pHinitial=pHfinal.  
5.4 Analysis of the results from multi-level design    
The results from the Doehlert multi level designs can be found in Table 5-3, presented at four 
levels of dwell-times (1-4hrs).  
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Table 5-3 Coded level combination for a 5 level, two variable design at four level of dwell time 
 
X1: Coded temperature; X2: Coded water rate, U1: Temperature (°C); 
U2: Water rate (ml/min); Y1: Ash content (%); Y2: Yield (%); Y3: Carbon Burn-off (%): Y4: pH.  
The columns of this table shows the title of each test, the temperature and water rate as assigned 
by the Doehlert matrix, corresponding coded values and the actual values for temperature and 
water rate which were achieved in the laboratory. Due to the limitations of vessels and 
instruments, the actual lab values could be different to the designed values to some extent; 
however this did not cause any problem as long as corrected coded values were used as input 
data in the modelling process.  
As previously seen in Figure 4-6, the char yield produced at temperatures between 750 to 
950°C was almost constant with a small standard deviation of 0.5%. Therefore, the carbon 
burn-off for each sample was calculated based on the weight loss after activation started 
Variables Responses
Dwell Time Natural Values Coded Values Values Achievedin Lab (coded) Y1(%)
Y2
(%)
Y3
(%)
Y4
(pH)Exp. U1 U2 X1 X2 X1 X2
1 
hr
RSM1-1 825 0.65 0 0 0 0.13 2.5 25 20 10.7
RSM1-2 900 0.65 1 0 1 0.09 2.7 21 31 10.8
RSM1-3 862 0.95 0.5 0.87 0.49 0.96 2.4 24 21 10.5
RSM1-4 750 0.65 -1 0 -1 0.09 2.2 24 21 10.9
RSM1-5 787 0.35 -0.5 -0.87 -0.51 -0.80 2.6 26 16 10.4
RSM1-6 862 0.35 0.5 -0.87 0.49 -0.79 2.7 25 19 10.7
RSM1-7 787 0.65 -0.5 0.87 -0.51 0.35 3 24 23 10.7
Exp. U1 U2 X1 X2 X1 X2 Y1 Y2 Y3 Y4
2 
hr
RSM2-1 825 0.65 0 0 0 0.03 2.5 21 31 10.7
RSM2-2 900 0.65 1 0 1 0.01 3.1 15 53 10.8
RSM2-3 862 0.95 0.5 0.87 0.49 0.95 2.5 17 47 10.8
RSM2-4 750 0.65 -1 0 -1 0.03 2.2 23 26 10.8
RSM2-5 787 0.35 -0.5 -0.87 -0.51 -0.73 2.8 24 21 10.7
RSM2-6 862 0.35 0.5 -0.87 0.49 -0.78 2.7 22 28 10.7
RSM2-7 787 0.65 -0.5 0.87 -0.51 0.77 3.3 21 33 10.9
Exp. U1 U2 X1 X2 X1 X2 Y1 Y2 Y3 Y4
3 
hr
RSM3-1 825 0.65 0 0 0 0.03 3.3 17 46 10.7
RSM3-2 900 0.65 1 0 1 -0.07 5.4 10 69 10.9
RSM3-3 862 0.95 0.5 0.87 0.49 0.90 5.2 12 63 10.9
RSM3-4 750 0.65 -1 0 -1 0.03 2.8 21 32 10.7
RSM3-5 787 0.35 -0.5 -0.87 -0.51 -0.88 2.8 23 26 10.6
RSM3-6 862 0.35 0.5 -0.87 0.49 -0.87 3.2 20 37 10.9
RSM3-7 787 0.65 -0.5 0.87 -0.51 0.71 3.7 18 43 10.7
Exp. U1 U2 X1 X2 X1 X2 Y1 Y2 Y3 Y4
4 
hr
RSM4-1 825 0.65 0 0 0 0.07 6.7 14 58 10.7
RSM4-2 900 0.65 1 0 1 0.04 11 4 89 10.7
RSM4-3 862 0.95 0.5 0.87 0.49 0.91 16 5 86 10.7
RSM4-4 750 0.65 -1 0 -1 0.04 3.2 17 44 10.7
RSM4-5 787 0.35 -0.5 -0.87 -0.51 -0.78 3.3 15 51 10.7
RSM4-6 862 0.35 0.5 -0.87 0.49 -0.85 5.2 14 57 10.7
RSM4-7 787 0.65 -0.5 0.87 -0.51 0.92 5 14 58 10.9
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compared to the average 30.4% of char left following carbonisation. As seen for (Y1) in this 
table, also illustrated in Figure 5-2, the ash content of activated carbons increased in RSMi-2 
and 3 at all dwell times (i=1 to 4). These tests were related to the activation at the highest 
temperature (900°C) with a moderate water rate of 0.65ml/min and activation at a moderate 
temperature (862°C) with the highest water rate, which could be indicative of the compensating 
effect of these two factors on the ash content. 
 
Figure 5-2 Ash content of activated carbons produced in RSM test series 
 
Figure 5-3 The relationship between ash content and burn-off 
Although high ash content in activated carbon is not favourable, it is a sign of higher degree of 
activation and consequently higher adsorptive capacity. This was previously demonstrated for 
the screening test series (Figure 4-7) and confirmed here in Figure 5-3. Based on the average 
ash content of 2.1% for charred hazelnut shells (experimentally measured), the theoretical 
relationship between carbon burn-off and ash content of a sample can be obtained in the form 
of:  
!"ℎ = !"!!!!"(!!!"#$!!""!%!(!!!"!!!!"))                                                                                 Equation 5-9 
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The details of this equation derivation can be found in Appendix III. Any differences between 
the theoretical ash content and burn-off could be attributed to: (i) estimation of carbon burn-off 
from an average value of char at the end of carbonisation and (ii) errors due to the ash content 
tests. Nevertheless, as illustrated in Figure 5-3, the experimental results followed the same trend 
as the estimations from Equation 5-9 suggests.    
The pH value of samples as seen in Table 5-3 (Y4) showed that all samples have basic 
properties, with pH ranging between 10.45-10.93. This could be explained by the thermal 
treatment applied on the samples. It is believed that all functional groups (mainly acidic groups) 
are decomposed through thermal treatments at temperatures above 400°C in an inert 
atmosphere. However, carbon can form basic functional groups after cooling down to room 
temperature upon exposure to oxygen (Bansal and Goyal, 2005), which is what is believed to 
be the case for steam activated carbons produced in this study. 
5.4.1 Analysis of gas phase adsorption  
The porous structure of the carbon samples was studied through the analysis of gas phase 
adsorption-desorption isotherms. All samples showed isotherms of a combination of Type I and 
IV. Figure 5-4 demonstrates the evolution of isotherm Type I (microporous) for a sample 
activated with 0.95 ml/min water for 1 hr at 862°C (RSM1-3), to a Type I-IV (micro-
mesoporous) for the sample activated at similar conditions but at longer dwell times up to 4hrs 
(RSM4-3).    
 
Figure 5-4 Adsorption-desorption isotherms of experiment RSMi-3 at dwell times i=1-4 hrs  
It can be seen that the area of the hysteresis loop increased with the development of porous 
structure at longer dwell times. Bansal in 1960 correlated the increase in the area of hysteresis 
loop to the size of adsorbate molecule when using a range of adsorbates of different molecular 
size; larger hysteresis loops were noted for smaller adsorbate molecules (Bansal and Goyal, 
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2005). Given that the size of adsorbate molecules is constant in the isotherms of Figure 5-4, a 
greater area of hysteresis loop for an adsorbate with constant molecular size could be indicative 
of the presence of larger pores, possibly due to enhancement of the mesoporosity occurring at 
longer dwell times.    
The results from the analysis of the BET isotherm and t-plot are presented in Table 5-4, related 
parameters can be found in Appendix IV. Activated carbons produced at various process 
conditions showed a wide range of surface area. The BET surface area of samples increased 
from 54 m2/g for the char to a maximum of 1777 m2/g in RSM4-2, activated with 0.67 ml/min 
water at 900°C for four hours. This sample was produced at the highest carbon burn-off degree 
of 89% and thus a very low yield of 4 %.  
Table 5-4 Surface area analysis of samples produced from the multi level design 
 
 
The SEM images of this sample (RSM4-2) can be seen in Figure 5-5. The images show the 
heterogeneous but well developed microporous structure of the sample (c & d), compared to the 
raw hazelnut shells (a) with a fairly smooth surface and few cracks and voids. The carbonised 
Test
No.
BET surface
area (m2/g)
External 
surface
area (m2/g)
Internal 
surface
Area (m2/g)
% of total surface area Volume 
adsorbed
p/p0=0.95Internal External
Char 54 29 25 46.3 53.7 36.3
RSM1-1 542 35 507 93.6 6.4 159.6
RSM1-2 612 52 560 91.5 8.5 188.3
RSM1-3 389 28 361 92.8 7.2 127.7
RSM1-4 437 27 410 93.8 6.2 128.6
RSM1-5 392 21 372 94.8 5.2 123.3
RSM1-6 367 24 343 93.5 6.5 117.6
RSM1-7 477 39 438 91.8 8.2 139.7
RSM2-1 760 79 681 89.6 10.4 236.8
RSM2-2 881 114 768 87.1 12.9 290.9
RSM2-3 883 131 752 85.2 14.8 299.3
RSM2-4 499 69 430 86.2 13.8 163.2
RSM2-5 557 50 506 91.0 9.0 172.4
RSM2-6 624 59 564 90.5 9.5 194.2
RSM2-7 783 140 643 82.1 17.9 271.6
RSM3-1 1111 218 893 80.4 19.6 415.1
RSM3-2 1341 226 1115 83.2 16.8 499.0
RSM3-3 1085 196 889 81.9 18.1 390.6
RSM3-4 552 147 405 73.3 26.7 212.4
RSM3-5 573 67 506 88.3 11.7 184.1
RSM3-6 786 98 688 87.5 12.5 252.9
RSM3-7 736 202 534 72.6 27.4 284.7
RSM4-1 1061 213 848 79.9 20.1 382.9
RSM4-2 1777 282 1495 84.1 15.9 660.4
RSM4-3 1535 262 1273 82.9 17.1 591.2
RSM4-4 640 226 414 64.7 35.3 267.6
RSM4-5 727 111 616 84.7 15.3 228.8
RSM4-6 1015 146 869 85.6 14.4 333.6
RSM4-7 923 341 582 63.1 36.9 390.6
F400 1028 88 939.7 91.4 8.6 309.5
Chapter 5 Multi Level Design and Optimisation 
!
160 
!
sample (Figure 5-5 (b)) shows some porosity due to the extraction of volatiles throughout the 
carbonisation step but a poorly developed porosity.  
 
Figure 5-5 SEM images of (a) untreated hazelnut shells, (b) carbonised hazelnut shells, (c) and (d) 
activated carbon (RSM4-2) at two different resolutions 
The study of correlation between samples surface area and carbon burn-off degree showed that 
a similar trend can be identified between these two factors to that observed in the screening test 
series. Figure 5-6 shows two data sets relating to the screening tests and the RSM test series both 
exhibiting a continuous positive correlation between BET surface area and carbon burn-off 
degree of up to 89%. This observation was initially found to be in contradiction to the general 
idea of a decrease in microporosity and consequently the surface area, under very high burn-off 
degrees (refer to Section 4.2.2). However, a similar trend was previously reported by Arriagada 
et al. (1994) in steam activation of Eucalyptus charcoal with up to 80% burn-off. In fact, this 
observation was identified as the characteristic difference between the activation of charcoal 
with steam compared with CO2, as surface area decreased at burn-off degrees over 60% in the 
case of CO2.     
(a)
(c)
(b)
(d)
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Figure 5-6 The positive correlation between BET surface area and carbon burn-off (%) 
5.4.1.1 Analysis of porosity 
The micro- and mesopore volume of samples was obtained from implementation of Horvath-
Kawazoe (HK) and Barrett, Joyner and Halenda (BJH) methods (described in section 1.6.9); the 
results are presented in Table 5-5. Similar to the results from the screening tests (referring to 
Figure 4-18), the internal and external surface area increased linearly with micro- and mesopore 
volume, respectively (seen in Figure 5-7). By comparing the two data sets it could be inferred 
that the contribution from micropores to the internal surface area is more pronounced than 
mesopores to the external surface area. Moreover, it is recognized that the contribution of 
external surface area to the total volume adsorbed is also negligible in many carbons (Bansal 
and Goyal, 2005). This was evident in samples such as RSM4-1 and RSM4-7 which exhibited 
the highest external surface area of 294 and 342 m2/g but a total adsorbed volume 40% below 
the maximum achieved.  
 
Figure 5-7 The relationship of internal surface area with micropore volume, and external surface area 
with mesopore volume 
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Experiment
Micropore Mesopore
volume
(ml/g)
(%) of total
volume
Volume
(ml/g)
(%) of total
volume
Char 0.017 94.5 0.001 5.5
RSM1-1 0.198 76.8 0.060 23.2
RSM1-2 0.226 75.8 0.072 24.2
RSM1-3 0.158 71.0 0.065 29.0
RSM1-4 0.176 80.8 0.042 19.2
RSM1-5 0.161 76.7 0.049 23.3
RSM1-6 0.140 71.4 0.056 28.6
RSM1-7 0.166 79.1 0.044 20.9
RSM2-1 0.264 68.9 0.119 31.1
RSM2-2 0.327 64.8 0.178 35.2
RSM2-3 0.319 61.3 0.201 38.7
RSM2-4 0.183 65.2 0.098 34.8
RSM2-5 0.201 69.6 0.088 30.4
RSM2-6 0.184 56.8 0.140 43.2
RSM2-7 0.215 52.7 0.193 47.3
RSM3-1 0.444 56.1 0.347 43.9
RSM3-2 0.534 57.8 0.390 42.2
RSM3-3 0.410 57.6 0.302 42.4
RSM3-4 0.205 52.7 0.184 47.3
RSM3-5 0.226 68.7 0.103 31.3
RSM3-6 0.311 68.1 0.146 31.9
RSM3-7 0.255 48.3 0.273 51.7
RSM4-1 0.423 58.2 0.304 41.8
RSM4-2 0.722 58.7 0.509 41.3
RSM4-3 0.630 55.7 0.502 44.3
RSM4-4 0.260 47.4 0.288 52.6
RSM4-5 0.257 68.0 0.121 32.0
RSM4-6 0.367 63.5 0.211 36.5
RSM4-7 0.357 45.1 0.435 54.9
F400 0.393 80.86 0.093 19.14
Table 5-5 Pore size distribution in samples produced from the multi level design 
 
 
 
 
 
 
 
 
 
 
 
In the study of the relationship between carbon burn-off degree and pore volume, an overall 
direct trend was found in the case of micropores, applicable to all samples including those from 
the screening tests (Figure 5-8). However, as seen in Figure 5-9 the relation between carbon burn-
off degree and mesopore volume showed a less clear trend. 
  
 
Figure 5-8 The relationship between micropore volume and burn-off for all samples of screening and 
multi level design 
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It can be seen in Figure 5-9 that three linear segments are identifiable in the case of mesopores. 
It was evident that mesoporosity was enhanced at a higher rate in all RSMi-1, 4- and 7 tests. 
Whereas, in the case of micropores no different trend was seen for these tests (Figure 5-8). 
From these results it was gathered that specific test conditions will affect the rate of pore 
development and its mechanism, especially in case of mesopores. The observation of an initial 
horizontal linear part in the same figure was in agreement with the pore developing mechanism 
discussed in Section 4.4.3.5, where pore widening was seen from early stages of steam 
activation. 
 
 Figure 5-9 The relationship between mesopore volume and burn-off for all samples of screening and multi 
level design 
The pore size distribution curves for five selected samples at carbon burn-off degrees from 16% 
to 89% are presented in Figure 5-10. The sample with the lowest carbon burn-off degree 
(RSM1-5) showed the lowest volume of micro- and mesopore development, which increased 
with carbon burn-off. This increase is mainly associated with the pore widening in both the 
micro- and mesopore size range. In addition, pore drilling had occurred with increasing burn-
off from 16 to 53%, producing pores with diameter of <0.6nm, as considerable pore volume 
emerged within this range.     
 
                                                  (a)                                                                                      (b) 
Figure 5-10 Pore distribution curves, (a) Micropore volume (ml/g) vs. pore diameter and (b) Mesopore 
volume (ml/g) vs. pore diameter at five level of activation degrees 
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5.4.2 Analysis of liquid phase adsorption  
Among the wide application range defined for activated carbons, its use in the water treatment 
industry is of key significance. Owing to their high adsorptive capacity, activated carbons can 
be successfully used in the removal of soluble micro-pollutants from water which can be 
resistance to the conventional chemical or biological treatments (San Miquel, 1999, McKay, 
1996).     
Although a high surface area is one of the main characteristics of active carbons, it is not 
sufficiently adequate to explain their characteristics when adsorption of different solutes is 
required. This is mainly caused by the responsive nature of adsorption process from liquids, 
being dependant on many factors such as particle size, surface chemistry and the nature of the 
adsorbate (Faust and Aly, 1998). More importantly, the molecular size of the adsorbate and 
differences between the solubility, dissociation and reactivity of solute molecules play 
significant role in influencing the measurable “accessible” surface area of carbon in liquid 
phase adsorption; thus adsorption capacity could dramatically vary between different solutions 
(Streat et al., 1995). Accordingly, samples were analysed for their capacity to remove two types 
of organic species of different molecular size - phenol and methylene blue, which will be 
discussed separately in the following sections.     
5.4.2.1 Phenol adsorption  
Phenol is a small (Mw=94, Mv=0.162 nm3)1 and flat shaped molecule in the form of a hydroxyl 
group attached to a carbon aromatic ring, exhibiting weak acidic properties (Figure 5-11). 
Phenolic compounds have been recognised as common environmental contaminants, 
originating from industrial effluents such as oil refineries, pharmaceutical and petrochemical 
industries. The presence of phenols in drinking water can cause unpleasant taste and odour. 
They have also been recognised to be toxic and carcinogenic (Dabrowski et al., 2005, 
Podkoscielny et al., 2003).  
  
 
Figure 5-11 Phenol molecular structure, diameter 0.62 nm (Singh et al., 1996)  
Activated carbons have been proved to be well suited for adsorption of such light organic 
compounds from solution. However, owing to the amphoteric (acidic or basic) characteristic of 
                                                      
1 Mw= Molar Weight, Mv=Molecular Volume 
OH 
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a carbon surface, phenol adsorption is strongly affected by the solution pH. At pH>pKa the 
adsorbate molecules can be found in the dissociated form in a solution. Under these conditions, 
the adsorptive capacity of carbon is reduced due to the repulsive forces between the carbon 
surface and the dissociated form of the adsorbate. Similarly, adsorption decreases with pH< 
pKa, though this time suppressed by increasing adsorption of H+ on the carbons’ surface 
functional groups (Dabrowski et al., 2005).  
Carbon surface charge, being a function of pH, has also been reported to be very important in 
adsorption from solutions. However, it loses its effect at pH<pKa (9.89 for phenol), as adsorbate 
molecules are not in a dissociated form (Mueller et al., 1980, Dabrowski et al., 2005). 
Accordingly, in this work the pH of carbon samples and each solution was measured after each 
test, to be compared to the pKa of phenol for investigation of phenol dissociation and carbon 
surface charge effects.  
5.4.2.2 Adsorption isotherms (phenol) 
Solutions at 20, 50, 100, 150 and 200 ppm concentration were accurately prepared using 
phenol, provided by Fischer Scientific UK Ltd. 20±1 mg of each carbon sample was contacted 
with 100 ml of phenol solution at different concentrations and stirred in a shaker for 24 hrs. To 
ensure that equilibrium had been reached in this period, a kinetic study was carried out on two 
samples; those with the highest and lowest surface areas. The isotherms shown in Figure 5-12  
indicate that for a 200ppm phenol solution, both samples reach their equilibrium state before 24 
hrs. Therefore, 24 hrs was used in all equilibrium studies from this point forward. 
 
Figure 5-12 The kinetic study of phenol adsorption on samples with the highest and lowest surface area 
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Equilibrium isotherms were thus produced at 24 hr contact time for each carbon sample (see 
below). The amount adsorbed (qe) was calculated by:  
!! = (!!!!!)×!!                                                                                                            Equation 5-10 
Where, Ce and C0 (mg/l) are the initial and equilibrium concentrations of solution, V (l) is the 
volume of solution and W(g) is the mass of carbon used. The adsorption isotherms at 
equilibrium relating to five samples with increasing burn-off degree from 16 to 89% are 
presented in Figure 5-13. Individual isotherms have been labelled with a title which indicates the 
name of that sample and its corresponding carbon burn-off percentage. As a reference 
adsorbent, the commercial carbon F400 was exposed to the same experiments.       
 
Figure 5-13 Phenol adsorption isotherm for five samples with increasing degree of activation 
All samples showed a Type L isotherm according to liquid phase isotherm classification by 
Giles et al. (1974); this represents strong interaction between the solute molecules and carbon 
surface. Samples mostly showed an isotherm Type L2, identifying the plateau or point-B with 
completion of monolayer. On the other hand RSM4-2, with a large mesoporosity, showed a 
subsequent rise at Ce>150 ppm, representing an isotherm Type L3, which is indicative of 
development of a second layer adsorption in pores of larger size (Giles et al., 1974).    
Both Langmuir and Freundlich models were fitted to the data, producing high model regression 
fits of average 98%; however the Freundlich model resulted in a slightly better fit at low 
concentrations, hence it is presented in these plots (Figure 5-13). The model parameters related 
to all samples, including adsorption capacity Q0 from Langmuir and !! from Freundlich 
models, were calculated as discussed in Section 1.6.10 and are presented in Table 5-6. The 
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Sample Burn-off (%)
Langmuir Freundlich
b Q0 R2 kf 1/n R2
RSM1-1 20 0.071 149.2 0.98 50.0 0.201 0.99
RSM1-2 31 0.090 152.0 0.99 48.8 0.218 0.98
RSM1-3 21 0.089 88.2 0.99 31.6 0.193 0.98
RSM1-4 21 0.098 181 0.99 57.9 0.220 0.98
RSM1-5 16 0.102 85.5 0.99 30.7 0.194 0.98
RSM1-6 19 0.068 116.3 0.99 35.3 0.219 0.99
RSM1-7 23 0.090 119.0 1.0 44.3 0.188 0.99
RSM2-1 31 0.124 171.4 1.0 61.0 0.202 0.99
RSM2-2 53 0.063 204.7 0.99 43.3 0.299 0.99
RSM2-3 47 0.104 181.6 0.99 52.7 0.256 0.99
RSM2-4 26 0.880 133.4 0.99 38.3 0.242 0.98
RSM2-5 21 0.075 186.9 0.99 51.1 0.177 0.98
RSM2-6 28 0.090 148.8 0.99 49.9 0.207 0.99
RSM2-7 33 0.090 158.4 1.0 48.4 0.225 0.99
RSM3-1 46 0.044 195.8 0.99 30.0 0.355 0.99
RSM3-2 69 0.071 212.6 0.99 45.3 0.307 0.99
RSM3-3 63 0.042 227.9 0.97 50.7 0.259 0.98
RSM3-4 32 0.079 124.2 0.99 43.1 0.196 0.99
RSM3-5 26 0.094 145.5 0.99 44.0 0.225 1.00
RSM3-6 37 0.061 175.7 0.98 46.7 0.248 0.99
RSM3-7 43 0.061 157.5 0.98 41.3 0.247 0.99
RSM4-1 58 0.030 252.6 0.98 32.8 0.371 0.99
RSM4-2 89 0.014 265.1 0.97 22.3 0.424 1.00
RSM4-3 86 0.019 295.2 0.96 17.5 0.503 0.99
RSM4-4 44 0.084 144.0 0.99 44.4 0.226 1.00
RSM4-5 51 0.042 181.4 0.96 40.1 0.267 0.97
RSM4-6 57 0.057 204.2 0.99 40.7 0.306 1.00
RSM4-7 58 0.014 208.5 0.97 26.1 0.381 1.00
F400 - 0.059 204.1 0.99 39.4 0.317 0.99
F400 * - 0.042 205.1 - 36.3 0.319 -
adsorption tests and related model parameters were validated through the commercial carbon 
(F400), resulting in values similar to those reported by Roostaei and Tezel (2004). 
Table 5-6 Freundlich and Langmuir parameters from phenol adsorption isotherms 
 
 
 
 
 
 
 
!!
                           
*from Roostaei and Tezel (2004) 
Samples produced at this stage exhibited phenol adsorption capacities Q0 between 85.5 to 295.2 
(mg/g). As seen in Figure 5-13, some of the samples produced in this work showed adsorption 
capacity comparable to the commercial carbon.     
The porous structure is greatly influential in liquid phase adsorption. It is believed that 
micropores are the major provider of adsorption sites, comparing to mesopores where weaker 
adsorption is observed (Hsieh and Teng, 2000). Therefore, there should be a stronger 
correlation between microporosity and adsorption capacity due to the small size of the phenol 
molecule size (diameter: 0.62 nm). The correlation between these two factors is confirmed in 
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Figure 5-14. A similar trend was observed in between Q0 and the internal surface area and burn-
off degree of these samples, although a very low correlation coefficient was found between 
phenol adsorption capacity and external surface area, i.e. mesopore volume of samples.   
 
Figure 5-14 The relationship between Micropore volume and phenol uptake capacity from Langmuir 
model 
5.4.2.3 The effect of pH on phenol adsorption  
The effect of pH on adsorption of phenol by activated carbons was addressed by Snoeyink et al. 
(1969) for the first time. In their study, a decrease in the adsorption of phenol on activated 
carbon was reported at both high and low pH values, attributed to the ionisation of solute 
molecules at pH values of over Pka. Mueller et al. (1980) and Müller et al. (1985) suggested 
that the surface charge of activated carbons is also as important as the extent of ionisation of 
solute. Based on these studies, it was inferred that the adsorption of phenol on activated carbons 
is affected by these two parameters, in two possible ways:  
I. If the pH of the solution is higher than the pka of phenol (9.89), the molecules of phenol 
will be dissociated (ionised) and therefore, affected by the activated carbon surface charge. At 
pH values lower than the pka, the dissociation degree is very small and therefore, the adsorption 
of non-ionised compounds does not depend on the pH and surface charge (Dabrowski et al., 
2005). In addition, the molecular changes at pH values over pKa can introduce changes to the 
UV adsorption of the solute (Doub and Vandenbelt, 1949). Therefore, pH<pKa can ensure that 
the UV adsorption of phenol is not affected by pH of solution.             
II. The surface of carbon is identified as positively charged at pH values over that 
associated with the zero charge potential (PZC), and negatively charged at pH values lower 
than PZC. However, according to the previous discussion this is only of significant importance 
when the solute molecules are dissociated at pH>pka (Dabrowski et al., 2005).      
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In order to check if the pH of the solution had affected the phenol adsorption, firstly the pH of 
filtrate was measured upon equilibration. Moreover, the zero charge (PZC) of selected samples 
was measured following the method explained in Section 5.3; the results are presented in 
Figure 5-15 for selected samples and validated with the PZC of F400 from literature, which has 
been reported to be 7.8 (El Qada et al. (2008)).   
 
Figure 5-15 Determination of PZC using pH drift and salt addition method 
The pH values of each solution at equilibrium in this test series was found to be between 6.5 
and 7.1, which was always below the pH of surface zero charge (PZC) of carbons. This 
indicated that the carbon surface is positively charged. However, considering that all pH values 
were found to be lower than the pKa of phenol (9.89), it could be concluded that the surface 
charge of the samples will not affect the adsorption capacity. Moreover, the pH of the solution 
being lower than pKa ensures that there is no effect on the UV adsorption of phenol molecules 
due to dissociation.  As it was established that the phenol adsorption tests were not affected by 
the pH of the solution, no pH adjustment was conducted for these tests.    
5.4.2.4 Methylene blue adsorption 
Many industries such as food, paper, carpet, textile, plastics, etc. generate a considerable 
amount of coloured effluent. Water polluted with dyes, some being toxic or carcinogenic, are 
difficult to treat as they are resistant to aerobic digestion and stable to light, heat and oxidising 
agents (Dogan et al., 2009). However, studies have shown that different types of dyes such as 
methylene blue, basic blue, Telon blue acid yellow can be efficiently removed from solution 
using activated carbons (Deng et al., 2009, Tseng et al., 2003, Malik, 2003).   
Methylene blue (MB) is not strongly hazardous, but it can cause some harmful effects in 
drinking water (Hamdaoui, 2006). Due to its large molecule size, Methylene blue (MB) has 
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been used in this study to provide a comparative study with the adsorption of phenol, which has 
a smaller molecule size. The molecular structure of MB can be seen in Figure 5-16. 
 
Figure 5-16 The molecular structure of Methylene Blue (MB) (Dogan et al., 2009) 
5.4.2.5 Adsorption isotherms (Methylene Blue) 
Methylene blue (MB) adsorption tests started with an initial kinetic study on two selected 
samples with the highest and lowest internal surface area (RSM4-2 and RSM1-5). Through 
nitrogen gas and phenol adsorption tests, it was established that the uptake capacity of these 
two samples are considerably different, thus the kinetic studies were carried out with different 
carbon to solution ratios for each sample to ensure uptake within the assigned range by standard 
test method ASTMD3860 (10-85% removal). Having different order of magnitude, the curves 
related to the two samples were plotted on separate vertical axes (Figure 5-17).   
 
Figure 5-17 The kinetic study of adsorption of methylene blue on samples with the highest and lowest 
surface area 
The kinetic tests showed that both samples reached to an equilibrium state before 24 hours. 
Therefore, the equilibrium tests were carried out at concentrations of 50 to 300 ppm of 
Methylene blue (Fisher Scientific UK Ltd) in a 24 hours period time. Selected isotherms related 
to the samples for which phenol adsorption isotherms were previously shown in Figure 5-13, are 
presented in Figure 5-18. The commercial carbon F400 was used as a comparative test carbon 
and for validation of the methodology. Adsorption isotherms were analysed with both 
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Langmuir and Freundlich models.  The Freundlich model did not produce a good fit to the data, 
especially in samples with very low adsorption capacities. This was attributed to the shape of 
the isotherms.  The Freundlich model is most successful in defining adsorption isotherms where 
adsorption capacity increases with the increase in the concentration of solution; however as can 
be seen in Figure 5-18, most of the samples reach a plateau at very low concentrations. 
Therefore, only the parameters related to the Langmuir model are presented in Table 5-7.  
 
Figure 5-18 Methylene blue adsorption isotherm for five samples with increasing degree of activation 
 
 
 
Table 5-7 Langmuir parameters from adsorption of methylene blue on samples 
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F400 
Sample Burn-off (%)
pH of 
carbon
Langmuir
b Q0 R2
RSM1-1 20 10.7 0.527 40.3 0.99
RSM1-2 31 10.8 0.025 84.7 0.99
RSM1-3 21 10.5 0.156 26.7 0.99
RSM1-4 21 10.9 0.641 169.5 1.00
RSM1-5 16 10.4 0.048 14.6 0.96
RSM1-6 19 10.7 0.901 36.5 1.00
RSM1-7 23 10.7 0.171 19.8 0.99
RSM2-1 31 10.7 0.093 131.0 0.99
RSM2-2 53 10.8 0.450 249.4 0.99
RSM2-3 47 10.8 0.079 222.2 0.98
RSM2-4 26 10.8 0.170 46.5 0.99
RSM2-5 21 10.7 0.110 37.0 0.99
RSM2-6 28 10.7 1.75 81.3 0.99
RSM2-7 33 10.9 1.077 90.1 1.00
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Table 5-7 (continue) Langmuir parameters from adsorption of methylene blue on samples 
  
The validity of the Langmuir model suggested that the removal of methylene blue was due to 
monolayer coverage of the pore surface by solute particles and that the adsorption of all 
molecules had equal energy of activation (Deng et al., 2009). Comparing the isotherms 
resulting from phenol and methylene blue adsorption, it can be inferred that the isotherms 
obtained in the case of phenol were all mainly a type L as categorized by Giles et al. (1974), 
whereas a Type H was observed for Methylene blue adsorption curves. Type L is commonly 
seen in phenol adsorption and indicates that the aromatic ring is adsorbed parallel to the surface 
of carbon and that there is no strong competition between the adsorbate and solvent molecules 
to occupy the adsorption sites. On the other hand, an H class isotherm according to the same 
categorization, represents a strong adsorption at very low concentrations and an apparent 
intercept on y-axis (Dabrowski et al., 2005).  
From the results of Table 5-6 and Table 5-7, it was observed that carbon samples have 
distinctive differences in their adsorption capacities in case of phenol and methylene blue. 
Having in mind that the adsorption in liquid phase is assumed to take place through monolayer 
coverage of pore walls (e.g. in Langmuir model), these differences could be mainly attributed 
to samples’ porous structure and especially their mesoporosity, in the case of Methylene blue 
molecule. This means that a structure with larger pores (higher mesoporosity) can 
accommodate considerably higher amount of large molecules, whereas a highly microporous 
structure, although with significant internal surface area, has no/little contribution to the 
adsorption of such molecules.  
Accordingly, owing to their high percentage of mesoporosity, samples such as RSM4-2 with 
0.509 ml/g mesopore volume, demonstrated almost 2.9 times higher methylene blue adsorption 
capacity than phenol. Moreover, while this sample showed phenol adsorption capacity close to 
Sample Burn-off (%) pH of carbon Langmuirb Q0 R2
RSM3-1 46 10.7 0.545 277.8 1.00
RSM3-2 69 10.9 0.875 476.2 1.00
RSM3-3 63 10.9 0.694 400.0 0.98
RSM3-4 32 10.7 0.074 80.6 1.00
RSM3-5 26 10.6 0.195 65.5 0.99
RSM3-6 37 10.9 0.297 158.7 0.99
RSM3-7 43 10.7 18.00 185.2 0.99
RSM4-1 58 10.7 0.288 357.1 0.95
RSM4-2 89 10.7 0.168 769.2 0.99
RSM4-3 86 10.7 2.370 526.3 1.00
RSM4-4 44 10.7 2.001 108.7 0.99
RSM4-5 51 10.7 0.437 169.5 0.99
RSM4-6 57 10.7 0.181 322.6 0.99
RSM4-7 58 10.9 0.885 322.6 1.00
F400 - - 2.692 285.7 1.00
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that obtained for commercial carbon F400, its methylene blue adsorption was 2.7 times higher 
than F400 with 0.093 ml/g mesopore volume. Similarly, high methylene blue adsorption was 
observed for RSM4-3 and RSM3-2 with high mesoporosity of 0.502 and 0.390 ml/g, 
respectively.  
Similar to phenol, adsorption of methylene blue on activated carbons is also strongly affected 
by the pH of solution (Summers and Roberts, 1988). The pH of filtrate in these tests was 
between 6.4 to 7.3, always higher than the pKa of Methylene blue which is reported to be 
between 0 to 1 (The United States Pharmacopeia Convention, 2008). This implies that 
adsorbate molecules are dissociated at all time and therefore carbon surface charge will affect 
the adsorption capacity. On the other hand, as the pH of filtrates was lower than the PZC of 
samples, carbon molecules were expected to be negatively charged which results in increasing 
the attraction forces between carbon molecules and positively charged dye molecules, and 
eventually higher methylene blue uptake (El Qada et al., 2008). This is also in agreement with 
the observation of Type H isotherms in case of methylene blue adsorption, indicative of 
adsorption of ionic micelles adsorbing on an oppositely charged surface (Giles et al., 1974). 
This argument in addition to high mesopore volume in samples such as RSM4-2 can explain 
their dramatically high methylene blue adsorption capacity comparing to phenol.   
5.5 The mathematical modelling and analysis: Multi-level design 
5.5.1 Model fitting and Optimisation 
The samples produced according the multi-level Doehlert design were characterised for their 
adsorption capacity. These results provided information for the next step of the response 
surface study, which was the implementation of data to build corresponding response surfaces 
through mathematical modelling, and eventually optimisation of the process based on the 
developed models.  
In order to increase the resolution of the model for the final optimisation, eighteen extra tests 
were amended to the design at this stage. The extra tests included two repeats in test series 
carried out up to 3 hrs, in addition to more frequent points added to the test series with 4 hr 
dwell time where highest adsorption capacity was expected. Table 5-8 shows these tests and 
related results including product yield and BET surface area of samples. The extra tests covered 
a region of surface areas between 1000 to 1500 m2/g, which was not achieved through the 
original design. Implementing these results contributed to a more robust model at a higher level 
of significance.  
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Table 5-8 Additional tests to increase the resolution of models  
 
U1: Temperature (°C); U2: Water rate (ml/min), U3: Dwell Time (hr), X1: Coded temperature; X2: 
Coded water rate, Y1: Product yield (%), Y2: Carbon burn-off (%), Y3: BET surface area (m2/g). 
Empirical models were built to predict the BET surface area and activated carbon yield 
according to two scenarios: 
- The response (Yi) is a function of X1 and X2 (temperature and water rate) at each level 
of dwell time.   
- The response (Yi) is a function of X1 and X2 and X3 (temperature, water rate and dwell 
time). 
The first scenario was implemented to model four surfaces produced at constant dwell times. 
These two variable models introduced more level of accuracy and a better ability to predict the 
experimental data; however they could be only used to identify the optimum production 
conditions at a constant dwell time (1 to 4 hrs). Therefore, the three variable models were 
developed with the aim of producing a more comprehensive model, enabling the prediction of 
optimum conditions for three variable parameters of temperature, water rate and dwell time. 
The results from both models are presented in the next two sections, followed by the 
optimisation and validation of optimum values by experiment.     
5.5.1.1 Two variable models 
In order to visualize the results, the 3-D response surfaces obtained for the BET surface area 
and the product yield are plotted at four levels of activation time in Figure 5-19 and Figure 5-20. 
These two responses were selected as they are the objective function in the optimisation of 
process conditions which enable achievement of the highest yield and BET surface area. It is 
Natural Values Coded Values Responses
U1 U2 U3 X1 X2 X3 Y1 Y2 Y3
(°C) (ml/min) (hr) (Coded) (Coded) (Coded) (%) (%) (m2/g)
750 0.66 1 -1 0.03 -1 25 19 403
750 0.67 1 -1 0.05 -1 24 22 420
750 0.68 2 -1 0.08 -0.3 26 15 574
750 0.67 2 -1 0.05 -0.3 25 19 551
750 0.65 3 -1 0.01 0.3 23 26 604
750 0.66 3 -1 0.02 0.3 21 32 620
900 0.67 4 1 0.06 1 3 93 1703
787 0.35 4 -0.51 -0.86 1 20 36 679
885 0.87 4 0.80 0.62 1 2 97 1714
862 0.49 4 0.49 -0.44 1 11 66 1206
880 0.60 4 0.73 -0.13 1 8 76 1510
862 0.62 4 0.48 -0.08 1 11 66 1265
850 0.69 4 0.33 0.12 1 11 66 1212
900 0.37 4 1 -0.80 1 13 59 1218
875 0.57 4 0.67 -0.23 1 10 70 1349
900 0.42 4 1 -0.66 1 11 66 1244
882 0.47 4 0.76 -0.52 1 12 63 1136
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noted that the surfaces shown in the following two figures are based on the actual experimental 
points, to which a quadratic model will be fitted later. From these plots, it can be seen that the 
trend of changes in BET surface area shows an indirect relationship with product yield.  
 
Figure 5-19 3D plots of response surface related to BET (m2/g) vs. variable temperature and water rate 
(coded) 
 
Figure 5-20 3D plots of response surface related to yield (%) vs. variable temperature and water rate 
(coded) 
The experimental points were used to produce quadratic models as seen in Equation 5-11, 
derived from the original form of Equation 5-2.  
!!(!"#$%&#") = !! + !!!!! + !!!!! + !!!!!. !! + !!!!!! + !!!!!!                          Equation 5-11 
Where x1 is activation temperature, x2 is the water rate, b0 is the intercept and bi are the 
regression coefficients. It should be noted that higher order interactions do not occur easily, 
4 hr 
3 hr 
2 hr 
1 hr 
1 hr 
2 hr 
3 hr 
4 hr 
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thus usually only the second order interactions are quite enough in such studies (Bacaoui et al., 
1998). Using the standard procedure of regression methods, the quadratic model was built using 
MATALB 7.90.529 (R2009b) software; the regression coefficients (Coeff) and related 
statistical parameters including standard error (StdErr), t-statistics (t-Stat) and p-values (Prob>t) 
are displayed in Table 5-9. Based on these regressions, the contour plots in Figure 5-21 and 
Figure 5-22 show the graphical presentation of the BET surface area and product yield models, 
in addition to the corresponding experimental points.  
Table 5-9 Parameter estimation for response surface quadratic models:  
BET surface area and product yield 
 
Model Term BET surface area (Y1) Activated Carbon Yield (Y2)
Coeff StdErr t-Stat Prob>t Coeff StdErr t-Stat Prob>t
(a) 1hr
Intercept 539.12 14.99 35.96 0.0000 25.11 0.46 54.22 0.0000
x1 83.30 8.81 9.46 0.0025 -0.87 0.27 -3.21 0.0490
x2 71.24 12.01 5.93 0.0096 -1.60 0.37 -4.32 0.0230
X1.x2 132.93 27.52 4.83 0.0170 1.54 0.85 1.82 0.1700
x12 -30.33 17.28 -1.76 0.1800 -1.16 0.53 -2.18 0.1200
x22 -152.79 24.35 -6.28 0.0082 -1.75 0.75 -2.33 0.1000
(b) 2hr
Intercept 767.58 51.97 14.77 0.0007 20.79 1.57 13.22 0.0009
x1 151.92 26.91 5.65 0.0110 -4.40 0.81 -5.40 0.0120
x2 157.00 33.86 4.64 0.0190 -2.47 1.02 -2.41 0.0950
x1.x2 5.19 66.76 0.08 0.9400 -1.11 2.02 -0.55 0.6200
x12 -70.20 59.02 -1.19 0.3200 -0.71 1.79 -0.40 0.7200
x22 -75.23 72.76 -1.03 0.3800 0.90 2.20 0.41 0.7100
(c) 3hr
Intercept 1114.30 39.52 28.19 0.0001 16.97 1.40 12.10 0.0012
x1 370.77 20.19 18.36 0.0004 -5.55 0.72 -7.75 0.0045
x2 106.90 23.97 4.46 0.0210 -3.65 0.85 -4.30 0.0230
x1.x2 148.04 49.03 3.02 0.0570 -1.80 1.74 -1.03 0.3800
x12 -143.13 44.62 -3.21 0.0490 -1.34 1.58 -0.84 0.4600
x22 -396.52 51.48 -7.70 0.0045 2.15 1.83 1.18 0.3200
(d) 4hr
Intercept 1067.20 30.72 34.74 0.0000 13.47 0.51 26.22 0.0000
x1 496.78 24.87 19.98 0.0000 -6.43 0.42 -15.47 0.0000
x2 226.45 26.14 8.66 0.0000 -4.82 0.44 -11.02 0.0000
x1.x2 231.77 41.83 5.54 0.0001 -3.23 0.70 -4.62 0.0006
x12 105.69 42.23 2.50 0.0280 -2.68 0.71 -3.80 0.0025
x22 -91.51 43.58 -2.10 0.0580 1.65 0.73 2.26 0.0430
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Figure 5-21 Variation of BET surface area (Y1) versus coded temperature and water rate (X1,X2) 
 
Figure 5-22 Variation of activated carbon yield (Y2) versus coded temperature and water rate (X1,X2) 
The terms with positive coefficients in the model are indicative of a synergistic effect, whereas 
negative terms represent antagonistic effects of the corresponding parameters on the response. 
The value of Prob>t less than 0.05 indicates all model terms are significant. t-Stat is an 
indicator of the likelihood that the actual value of the estimated coefficient is non-zero (Section 
5.2.1); for the present regression model, t-Stat with an absolute value larger than 3.1822 
                                                      
2 The critical t-value for 3 degrees of freedom and 0.05 significance level in a two tailed t-tests is 3.182 (Dougherty, 
2002). The degree of freedom is calculated from df=Number of observations (9) - number of model terms (6). 
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indicates that the corresponding variable has a significant impact on the model. Accordingly, 
the activation temperature (x1) and water rate (x2) are evidently the most influential factors in all 
responses, with an increasing effect on the BET surface area and decreasing effect on the yield. 
This was due to the contribution of temperature to the reaction rate between the activation agent 
and the carbon, resulting in higher carbon burn-off and less product yield. As seen in Table 5-9, 
in some models, the quadratic terms are also significant according to the t-Stats. !     
Apart from the statistic analysis of model terms, the whole model is also evaluated by the 
general analysis as seen in Table 5-10. The confidence in the ability of the model to predict the 
response was justified by the coefficient of correlation between the experimental and predicted 
values from the models. An average R2 close to unity (!!"#$!%#! ≅ 0.96) indicates that a large 
proportion of variance is accounted for by the fitted models. The adjusted r-square (R2adj) 
modifies R2 to the sample size and number of variables. Therefore, between models with 
different number of variables and sample sizes, such as the surfaces produced at 3 and 4 hrs 
dwell times with 9 and 18 observations, R2adj could be a better comparison indicator. For all two 
variable models as presented in Table 5-9, the R2adj is slightly lower than the R2, but still has an 
average of 0.91.  !  
Table 5-10 Statistical evaluation of empirical model 
 
* SS, Sum of the squares; MS, Mean square 
 
From Table 5-10 it can be inferred that almost all of the models are significant with F0 over the 
critical F-value of 2.90 to 4.39 (for dfn=5, ddfn=6 to15, and 95% significance level)3 and p-
value less than 0.05. From the validity tests collectively, the models were found to be adequate 
for predicting the response at variable temperature and water rates; the comparison of 
experimental and estimated values of BET surface area and product yield can be seen in Figure 
5-23.  
                                                      
3 Information about dfn and ddfn was provided in Section 4.5.3 of Chapter 4. 
BET surface Area
Dwell Time SS* MS F0 P-value R2 R2adj
1 hr 57570.20 11514.04 41.1857 0.0058 0.9856 0.9617
2 hr 169150.20 33830.04 12.1332 0.0333 0.9530 0.8784
3 hr 649230.10 129846.00 82.3412 0.0021 0.9930 0.9807
4 hr 2207413.00 441482.70 136.0186 0.0000 0.9827 0.9754
Activate Carbon Yield
1 hr 10.76 2.15 8.0645 0.0581 0.9307 0.8153
2 hr 96.57 19.31 7.5680 0.0632 0.9265 0.8041
3 hr 161.60 32.32 16.2818 0.0220 0.9644 0.9052
4 hr 502.22 100.44 110.6988 0.0000 0.9788 0.9699
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(a) 
 
(b) 
Figure 5-23 Experimental results versus predicted values from fitted two variable models for a) BET 
surface area and b) yield 
5.5.1.2 Three variable model 
Although the two variable models resulted in good estimation of experimental data, they are 
incapable of predicting the process between dwell time steps of one hour. Therefore, with the 
addition of dwell time as the third variable, three-variable models were developed and are 
reported in this section. The graphical presentation of experimental data was possible by using 
a combination of colour-bars (associated with the response or dependant variable) and 3-axis 
plot (associated with independent variable factors) within the experimental region; accordingly, 
the colour spectrum in Figure 5-24 illustrates the BET surface area of samples produced at 
experimental points shown with black points at corresponding process conditions.  
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Figure 5-24 Visualization of data points (•) and related response (BET surface area) using the colour-bar 
Derived from the original quadratic model of Equation 5-2, a three-variable model can be 
expressed as: 
! = ! + !!!!! + !!!!! + !!!!! + !!!!!. !! + !!!!!. !! +                                        Equation 5-12 !!!!!. !! + !!!!!!! + !!!!!! + !!!!!! 
Where x1 is the activation temperature, x2 is the water rate and x3 is the dwell time; a is the 
model intercept and bi are the regression coefficients. To build and evaluate three variable 
models, the same approach was applied as for the two variable models in the previous section. 
The mathematical modelling of the two responses by MATLAB software gave the results as 
displayed in Table 5-11. The table presents the regression coefficients (Coeff), standard error 
(StdErr), t-statistics (t-Stat) and p-values (Prob>t) related to individual coefficients.  
Table 5-11 Parameter estimation for response surface quadratic models 
 
x1: Coded temperature; x2: Coded water rate, x3: Dwell time  
From t-distribution tables, the critical t-Stat at 0.95 significance level (two tailed) was found to 
be 2.028 (Dougherty, 2002). As a result, the activation temperature, the dwell time and the 
water rate and their second order interactions were found to have significant effect on both 
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Model 
Terms
BET surface area (Y1) Activated Carbon Yield (Y2)
Coeff StdErr t-Stat Prob<t Coeff StdErr t-Stat Prob<t
intercept 871.29 34.00 25.63 0.0000 19.27 0.54 35.83 0.0000
x1 271.25 17.55 15.45 0.0000 -4.39 0.28 -15.81 0.0000
x2 134.35 22.47 5.98 0.0000 -2.99 0.36 -8.42 0.0000
x3 313.58 15.82 19.82 0.0000 -5.57 0.25 -22.24 0.0000
x1.x2 137.42 38.97 3.53 0.0012 -2.30 0.62 -3.73 0.0007
x1.x3 218.32 23.38 9.34 0.0000 -2.38 0.37 -6.44 0.0000
x2.x3 104.23 27.81 3.75 0.0006 -2.14 0.44 -4.86 0.0000
x12 -7.50 34.91 -0.21 0.8312 -1.23 0.55 -2.23 0.0325
x22 -161.77 39.13 -4.13 0.0002 1.29 0.62 2.08 0.0447
x32 -51.39 28.16 -1.82 0.0766 -0.62 0.45 -1.40 0.1706
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surfaces, with p-values of close to zero and absolute t-Stat>2.028. All quadratic terms are also 
significant, except for the term related to square dwell time with an absolute value of t-
stat<2.028.  
Table 5-12 Statistical evaluation of empirical models 
 
* df, degree of freedom; SS, Sum of the squares; MS, Mean square 
The validity of the models was justified by the high coefficient of correlation between the 
values predicted by the models and those experimentally produced. Figure 5-25 shows that the 
predicted values of BET surface area and activated carbon yield satisfactorily match the 
experimental values (!!"#! ≅ 0.97). Table 5-12 summarizes the evaluation of the two models 
including their R2, and significance level of the model in terms of f-test and p-values. All 
models showed F0 over the critical F-value of 2.17 (for dfn=9 and dfe=34) and P-value less than 
0.05 indicative of their significance.  
 
 
Figure 5-25 Experimental results versus predicted values from fitted three variable models for BET 
surface area (m2/g) 
 
BET surface Area
Source df SS MS F0 P-value R2 Adj-R2
Regr. 9 6821529.13 757947.68 130.81 0.0000 0.9711 0.9637
Resid. 35 202797.45 5794.21
Total 44 7024326.58
Activated Carbon Yield
Source df SS MS F-value P-value R2 Adj-R2
Regr. 9 1952.90 216.99 149.65 0.0000 0.9747 0.9682
Resid. 35 50.75 1.45
Total 44 2003.64
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Figure 5-26 Experimental results versus predicted values from fitted three variable models for product 
yield (%) 
It should be noted that the addition of more variables to the model introduces more sources of 
error, originating from measurements and lab instruments inaccuracy. Nevertheless, these 
models are more comprehensive by taking into consideration all the important factors. Each 
model can be successfully utilised at specific conditions.   
5.6 Effect of parameters on responses 
From the statistical analysis of two and three variable models it was learned that all main 
factors and their interactions with each other have significant positive effects upon the surface 
area and negative effects upon the product yield response. For more clarification of these 
results, nitrogen gas adsorption isotherms and liquid phase adsorption capacity, related to 
selected tests were investigated and are reported in the following section. The tests to be 
compared were selected according to their location in the design matrix as illustrated in Figure 
5-27.  
 
Figure 5-27 The 2D Doehlert design at i hrs dwell time (RSMj-i series) 
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It is worth restating that RSM i-j refers to a test carried out at i hours of dwell time at location j 
of the test in the matrix design. The X-axis in Figure 5-27 indicates the temperature changes 
from -1 to 1 (corresponding to 750 to 900°C) and the Y-axis shows the water rate ranging 
between -1 to 1 (corresponding to 0.3 to 1.0 ml/min).  
The tests identified with blue circles were carried out at similar water rate (0.65 ml/min), but at 
different levels of temperature. Comparing these tests with each other enables the investigation 
of the effect of changes in temperature in tests when other parameters are kept constant. The 
green and red tests were carried out at similar temperatures but different water rates, which 
allows for the study of the effect of water rate.  
5.6.1 The effect of parameters on BET surface area  
The comparison study was carried out at the RSM4-j (4hrs dwell time) test series which 
resulted in the widest surface area range including the maximum value of 1777 m2/g. The 
nitrogen adsorption-desorption isotherms, in addition to the phenol and methylene blue 
adsorption capacity of points identified with similar colours, are compared to each other in  
Figure 5-28 to 30. Because all these tests are at a constant dwell time, the effect of dwell time at 
a constant temperature and water rate was investigated by comparing the point at (1,0) or 
RSMi-2 at all dwell time levels of 1 to 4 hours to illustrate, shown in Figure 5-31.  
The first figure (Figure 5-28), compares the data generated by the samples prepared according 
to the blue tests from the Doehlert design shown in Figure 5-27. Subplot (a) in Figure 5-28  
shows the increase of carbon burn-off, adsorption capacity and the appearance of more 
profound hysteresis loops as activation temperature increases from 750 to 900°C. Similarly, 
subplot (b) illustrates increasing liquid phase adsorption capacity with increasing activation 
temperature at a constant water flow rate of 0.65 ml/min.   
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(a) 
 
 
 
(b) 
 
Figure 5-28 Comparison of blue tests (Doehlert Design Figure 5-27) (a) Nitrogen uptake capacity in tests 
carried out at similar water rate (0.65 ml/min), temperature changed from 750 (RSM4-4) to 900°C (RSM4-2). 
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(a) 
 
 
 
 
              
(b) 
 
Figure 5-29 Comparison of green tests (Doehlert design fig 5-27)   (a) Nitrogen uptake, (b) Methylene blue 
and phenol adsorption capacity in tests carried out at similar temperature (862°C), water rates changed 
from 0.35 (RSM4-6) to 0.95 ml/min (RSM4-3).    
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(a) 
 
 
 
 
 
 
        
 
(b) 
 
Figure 5-30 Comparison of pink tests (Doehlert design figure 5-27) (a) Nitrogen uptake, (b) Methylene 
blue and phenol adsorption capacity in tests carried out at similar temperature (787°C), water rates 
changed from 0.35 (RSM4-5) to 0.95 ml/min (RSM4-7). 
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(a) 
 
 
 
 
 
         
       (b) 
 
Figure 5-31 the effect of dwell time (Doehlert Design figure 5-27) (a) Nitrogen uptake capacity in tests 
carried out at similar water rate (0.65 ml/min) and temperature (900°C), at different dwell times of 1 
(RSM1-2) to 4 hrs (RSM1-4).   
All other plots follow a similar trend, showing an increase in adsorption capacity with 
increasing water flow rate at constant temperature (Figure 5-29 and Figure 5-30) or increasing 
dwell time at constant temperature and water flow rate (Figure 5-31). The liquid phase 
adsorption plots shows higher adsorption capacity of methylene blue, as well as greater rates of 
increase with burn-off, in comparison with phenol. This along with the presence of wider 
hysteresis loops with increasing burn-off (seen in Figures 5-28 to 5-31 (a)) indicates that the 
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pores within the range of methylene blue molecules (0.8 nm) develop faster with increasing 
burn-off. This effect will be further discussed in the next section.           
5.6.2 The effect of parameters on activated carbon yield  
The effect of process factors on the product yield showed an opposite trend compared to that of 
adsorption capacity. Figure 5-32 shows the comparison of product yield between the same data 
points as the previous section. According to these plots, the activated carbon yield decreased by 
76.4% with increasing temperature from 750 to 950°C at a constant water flow rate of 0.65 
ml/min, as seen in Figure 5-32(a). Similarly, increasing water rate at a constant temperature 
resulted in a lower product yield, with the effect being more profound at higher temperature; a 
30% variation was caused when activating at 750°C in Figure 5-32(c) and a 60% variation at 
950°C in Figure 5-32(b). Nevertheless this was expected due to the higher reactivity of steam 
with carbon at higher temperatures (Baçaoui et al., 2001).     
 
Figure 5-32 The comparison of the product yield of experiments based on their position in the Doehlert 
design (figure 5-27), schematically illustrated on each plot   
The effect of increasing dwell time from 1 to 4 hours (Figure 5-32(d)) showed the most 
significant effect, with an 82.6% decrease in product yield. Previously, the statistical analysis 
also confirmed the significant effect of dwell time on both responses of product yield and BET 
surface area. In agreement with this result Bacaoui et al. (1998) and (2001) reported significant 
positive effect of residence time on the adsorption capacity of steam activated olive wastes 
through both two level factorial and multi level Doehlert design. In the same study the effect of 
temperature on the BET and pore volume development was found to be significantly positive in 
enhancement of surface area. While this was in agreement with the results from our work, 
reduction of accessible surface area with increasing temperature was reported in some other 
0 
5 
10 
15 
20 
RSM4-4 RSM4-1 RSM4-2 
Pr
od
uc
t y
ie
ld
 (%
) 
0 
5 
10 
15 
20 
RSM4-6 RSM4-3 
Pr
od
uc
t y
ie
ld
 (%
) 
0 
5 
10 
15 
20 
25 
RSM4-5 RSM4-7 
Pr
od
uc
t y
ie
ld
 (%
) 
0 
10 
20 
30 
RSM1-2 RSM2-2 RSM3-2 RSM4-2 
Pr
od
uc
t y
ie
ld
 (%
) 
(a) (b) 
(c) (d) 
Chapter 5 Multi Level Design and Optimisation 
!
189 
!
studies on steam activation of biomass (Chang et al., 2000, Azargohar and Dalai, 2005, 
González et al., 2009). 
These results, taken from a “one factor at a time” study on the steam activation of biomass, 
indicates that commenting on the effect of one factor on a process is inappropriate as the results 
can vary significantly when another involving parameter is changed. In fact, the major 
drawbacks of many these studies is that they do not include the interactive effect of parameters, 
thus they will not depict the complete effect of combined factors on the process (Baş and 
Boyacı, 2007). In order to overcome this problem, modelling processes by implementing 
several variable factors could be a better option for the prediction and investigation of factor 
effects. As a result, the positive effect of increasing temperature, water rate and dwell time on 
pore development (up to 84% burn-off) can be concluded from the multi variable, multi level 
design in the present work, which will result in more certainty within the experimental process 
factors range. In agreement with this result Bacaoui et al. (1998) and (2001) reported significant 
positive effects of residence time on the adsorption capacity of steam activated olive wastes 
through both two level factorial and multi level Doehlert design. In the same study, the effect of 
temperature on the BET surface area and pore volume development was found to be 
significantly positive in enhancement of surface area. While this was in agreement with the 
results from our work, a reduction in the accessible surface area with increasing temperature 
was reported in some other studies on steam activation of biomass (Chang et al., 2000, 
Azargohar and Dalai, 2005, González et al., 2009).  
From the literature survey (as summarized in Section 4.2.1) it was established that the surface 
area of activated carbon is strongly correlated to the temperature, dwell time and degree of 
activation (burn-off). Despite the positive effect of these factors on enhancement of internal 
surface area of activated carbons, in many cases when activation degree exceeded a certain 
limit, the surface area decreased (Wigmans, 1989).  This effect was explained (from the works 
of others) by Azargohar and Dalai (2005) in their study of steam activation of biomass char, by: 
(i) collapsing thin pore walls at high degrees of activation and consequently causing a lower 
internal surface area and (ii) increasing ash content with temperature. The latter is mainly 
associated with the suppression of pore development by excessive ash content or inorganic 
elements in the carbonaceous materials, believed to be caused by their resistance to effective 
diffusion of the activating agent. In fact, these inorganic elements, which could show catalytic 
effect at lower temperatures, may introduce undesirable effects on pore development by also 
sintering and blocking pores once uncontrollably increased (Azargohar and Dalai, 2005). 
Having this argument in mind, the observation of a continuous increase in pore development 
and surface area in the case of steam activated hazelnut shells, can be contributed to it’s very 
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low inorganic content (ash content), implying that the effect of surface area enhancement is not 
limited by this factor with increasing activation degree.  
The differences in the conclusions drawn on the effect of process factors on pore development 
reported by many authors can basically be related to different parameter ranges and the diverse 
types of raw material used in each study; this also indicates the importance of interlinked effect 
of production conditions on the product characteristics. Thus, generalization of results will be 
wrong in such responsive production process.  
5.7 Production process energy consumption  
The main purpose of using waste biomass in the production of activated carbon is to facilitate a 
sustainable production procedure, usually associated with lower adverse environmental 
impacts. Industrial process energy consumption accounts for a significant amount of emissions 
and hence environmental consideration. The more efficient use of energy produced from fossil 
fuels, whose combustion emits greenhouse gases, are an appropriate strategy to combat the 
environmental concerns such as global warming and climate change. Among industrial 
activities, production processes that employ high temperature treatments - including that of 
activated carbon - are more crucial. Consequently, in addition to the properties of the product, 
process optimisation is strongly concurrent with energy consumption issues.  
For this reason, the total energy consumption during the thermal treatment of samples in this 
study was investigated, to be utilised in parallel with the results from sample characterisation in 
the process optimisation. The following section describes the methodology of energy 
measurements, which resulted in the development of an energy function applicable to the 
specific experimental setup used in this study.      
5.7.1 Calculation of energy consumption 
5.7.1.1 Theoretical approach  
The total energy consumption was determined by the application of a theoretical approach and 
validated with experimental data. The theoretical method involved the calculation of the energy 
consumption in each part of the laboratory system, including the reactor, sample and gas flow 
through the system, as well as calculation of lost energy through walls and insulation. The 
terms contributing to the total energy consumption and the corresponding calculation equations 
are tabulated in Table 5-13 and explained separately thereafter. 
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Table 5-13 The energy consumption sources in a single step, conventional production of activated carbon 
from hazelnut shells 
 
T:temperature, Cp(T):specific heat at temperature (T) and m: mass 
Heating system parts: These are associated with the energy used to heat the furnace elements, 
quartz reactor, furnace environment (air inside the cavity around the reactor), and nitrogen 
flow. The general approach to these calculations was based on the application of the heating 
energy equation (Kreith et al., 2011):  
! = !.!!.∆!                                                                                                            Equation 5-13 
In which E(J) is the energy required to heat m(kg) mass of material to increase its temperature 
by ∆!(K). !!(J/K. kg)!is the specific heat of the material, usually being a function of 
temperature. The energy required to heat the furnace, reactor, air and nitrogen was accordingly 
calculated using their weight, specific heat and temperature rise. The energy used for heating 
and carbonisation of hazelnut shells was calculated using the heat flow curves from thermal 
analysis of the shells (Figure 3-5 of Chapter 3). The energy consumed for heating and 
evaporation of water, in the case of activation, was calculated using the specific heat of water, 
varying with temperature, including the water evaporation energy. Considering that the reaction 
between carbon and steam is strongly endothermic, activation heat was also calculated from the 
enthalpy of the reaction and added to the energy balance.    
Energy loss: the energy loss was considered to be originating from heat loss through insulation, 
storage within insulation, loss through the furnace coverlid and through furnace openings. 
Using simplifying assumption, such as; the ideal linear temperature profile within the wall 
insulation, each term was calculated from thermodynamic equations which are described in 
Appendix V in more detail.  
Energy consumption source Method of Calculation
Heating furnace elements  H=melm. Cpelm (T). ΔT 
Heating quartz reactor H=mqrtz. Cpqrtz (T). ΔT 
Rotation of quartz reactor Rotating motor power
Heating furnace environment (air inside cavity) H=mair. Cpair (T). ΔT 
Heat stored in structure (insulation and steel 
covers) H=mins. Cpins (T). ΔT 
Heat loss through insulation Convection through insulation, natural convection 
and radiation from the external steel cover 
Heat loss through openings Radiation through wall openings
Carbonisation of hazelnut shells From DSC curves (thermal analysis)
Evaporation of water Enthalpy of vaporization
Heating the gases (steam and nitrogen) H=mg. Cpg (T). ΔT
Activation Energy Enthalpy of chemical reaction between carbon and 
steam  
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Mechanical energy consumption: This is mainly the energy used to rotate the quartz reactor, 
which was calculated using the operational power of the furnace rotary motor. From these 
calculations, the total energy consumed in each experiment was estimated. The details of the 
calculations, assumptions and required data are presented in Appendix V. As an example, the 
data relating to carbonisation and activation for the test carried out at 862°C heating at 
10°C/min, is presented in Table 5-14 and 5-15.  
Table 5-14 Energy Usage for Carbonisation of 200 g of hazelnut shells at 862 °C, 10 C/min 
 
 
 
Table 5-15 Energy Usage for activation of char at 862 °C with 
 
 
Referring to the first table (Table 5-14), the results show that the heat stored in the structure of 
the furnace (50.8%), followed by heat loss through insulation (14.6%) and heating the quartz 
reactor (15.7%) account for the highest contribution to the total energy consumption. Therefore, 
energy consumption, being dependant on the type and quality of the furnace, can be improved 
significantly by modification of insulation system. 
Using this methodology, the total energy for each experiment was calculated and displayed in 
Table 5-16. This table shows all RSM experiments, their experimental conditions in the coded 
form and the total energy consumption. In the next section, the validity of theoretical energy 
consumption calculations was confirmed with experiments.      
 
 
 
 
Activity Energy Usage (MJ) % of Total Energy Usage
Heating furnace elements  0.19 2.7
Heating quartz reactor 1.10 15.7
Rotation of quartz reactor 0.06 0.9
Heating and carbonisation of hazelnut shells from 
DSC curves 0.30 4.3
Heating the purging gas (nitrogen) 0.01 0.1
Heating furnace environment (air inside cavity) 0.01 0.1
Heat stored in structure (insulation and steel covers) 3.55 50.8
Heat loss through insulation 1.03 14.6
Heat loss through openings 0.77 10.9
Total energy Usage 7.52 100.0
Activity Energy Usage (MJ) % of Total Energy Usage
Evaporation of water  0.13 2.7
Activation energy 0.22 4.4
Heating gases (steam and nitrogen) 0.09 1.8
Heat loss through insulation 2.29 46.3
Heat loss through openings 2.18 43.9
Rotation of reactor 0.04 0.9
Total energy Usage 4.97 100.0
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Table 5-16 Theoretical estimation of energy consumption in RSM test series 
 
* X1: Temperature (coded), X2: Water rate (coded), X3: Dwell time (coded) 
5.7.1.2 Experimental measurements  
To validate the results from the energy calculations following the methodology described in the 
previous section, the actual energy used by the furnace was measured experimentally during 
selected runs (mainly the runs with 4 hours dwell time). These tests were selected on the 
assumption that energy consumption up to 1, 2 and 3 hours activation at the same temperature 
and water rate can be deduced from energy consumption at runs of 4hr dwell time (presuming a 
linear relationship between time and energy consumption).  
During selected runs, an Electrocorder EC-2VA (Acksen Ltd, UK) device was used to provide 
data on instant voltage (V) and current (I) used by furnace at two second time intervals. 
Operational power was then calculated from the power equation P=VI. The electric furnace was 
found to heat the cavity by a Pulse Width Modulation (PWM) system as illustrated in the plots 
of Figure 5-33.  
Experiment (X1)* (X2) (X3) Energy (MJ) Experiment (X1) (X2) (X3) Energy (MJ)
RSM1-1 0 0.13 -1 11.4 RSM3-1 0 0.03 0.3 18.1
RSM1-2 1 0.09 -1 13.5 RSM3-2 1 -0.07 0.3 22.0
RSM1-3 0.49 0.96 -1 12.3 RSM3-3 0.49 0.90 0.3 20.0
RSM1-4 -1 0.09 -1 9.5 RSM3-4 -1 0.03 0.3 14.6
RSM1-5 -0.51 -0.80 -1 10.0 RSM3-5 -0.51 -0.88 0.3 15.7
RSM1-6 0.49 -0.79 -1 12.2 RSM3-6 0.49 -0.87 0.3 19.4
RSM1-7 -0.51 0.35 -1 10.2 RSM3-7 -0.51 0.71 0.3 16.3
Experiment Energy (MJ) Experiment Energy (MJ)
RSM2-1 0 0.03 -0.3 14.6 RSM4-1 0 0.07 1 21.3
RSM2-2 1 0.01 -0.3 17.6 RSM4-2 1 0.04 1 26.1
RSM2-3 0.49 0.95 -0.3 16.1 RSM4-3 0.49 0.91 1 23.9
RSM2-4 -1 0.03 -0.3 11.9 RSM4-4 -1 0.04 1 17.1
RSM2-5 -0.51 -0.73 -0.3 12.8 RSM4-5 -0.51 -0.78 1 18.5
RSM2-6 0.49 -0.78 -0.3 15.7 RSM4-6 0.49 -0.85 1 22.8
RSM2-7 -0.51 0.77 -0.3 14.0 RSM4-7 -0.51 0.92 1 26.2
0 
2 
4 
6 
0 2000 4000 6000 8000 10000 12000 14000 
Av
er
ag
e 
Po
w
er
 
(k
J/
s)
 
Time (s) 
750 C 
0 
2 
4 
6 
0 2000 4000 6000 8000 10000 12000 14000 
Av
er
ag
e 
po
w
er
 
(k
J/
s)
 
Time (s) 
787 C 
Chapter 5 Multi Level Design and Optimisation 
!
194 
!
 
 
Figure 5-33 Heating pulses by the furnace up to 3hrs of activation at temperatures 750 to 900°C  
Time intervals between recording data were set to an optimum, so that pulses could be clearly 
captured by the electrometer throughout each run. Although the energy measurements were 
carried out during 4hr runs, the data presented in Figure 5-33 show readings only up to 3 hours 
of hold time plus nearly 1.5hr of carbonisation time; this was due to the limited digital memory 
of the electrometers to total of 4.5 hours. From the power plots, consumed energy can be 
calculated knowing that E(energy)=P×t in which P is power and t is the duration of power 
supplement. Accordingly, the comparison of the experimental and theoretical energy 
consumption for each experiment of RSM test series can be seen in Figure 5-34. The close 
match between experimental values and calculations showed that the theoretical approach had 
successfully predicted the actual energy consumption, with the maximum difference of 5%.  
However, the runs at 900°C (RSM i-2 showed with ○ markers) resulted in a lower energy 
experimentally measured compared due to the model (up to 21% difference). Assuming that the 
electrometer readings were correct at his run, the difference between the experimental and 
theoretical results could be attributed to the missed data points between the recorder readings (2 
second intervals). This theory was also confirmed with inspecting the readings from data logger 
at these runs. The logger recordings showed that after about 72 minutes in these runs, the 
intervals between the pulses reached to zero for about 25 minutes. This implied that the furnace 
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had been working continuously during this time. Therefore, noticeable data could be missed by 
the data recorder during this time, which explains the underestimated values of energy 
consumption compared to the model. Energy consumption at 900°C was successfully estimated 
from the model fitted to the data up to 862°C.   
 
Figure 5-34 Comparison of the energy consumption in all RSM runs from 1-3 hrs dwell time obtained 
from electrometer and thermodynamic calculations, the data points related to the runs carried out at 
900°C are not included.  
The main source of error in the theoretical calculations is attributed to the assumptions and 
estimations used for materials and environments and their varying properties with temperature, 
as well as the simplifying assumptions made in thermodynamic calculations such as the linear 
temperature profile within the isolation and heat loss through openings (Appendix V). Despite 
all the assumptions, the theoretical calculations were found to be sufficiently close to reality 
and therefore, were used to develop the energy function.  
Using the data presented in Table 5-16, the second order quadratic energy function was 
developed in the form of Equation 5-14. In this equation, x1 is activation temperature, x2 is the 
water rate, x3 is the dwell time, a is the intercept and bi are the regression coefficients. The 
regression model was developed by MATLAB software; the coefficient and corresponding 
statistical analysis are presented in Table 5-17. 
 !!(!"#$%&) = ! + !!!!! + !!!!! + !!!!! + !!!!!. !! + !!!!!. !! + !!!!!. !!      Equation 5-14 +!!!!!!! + !!!!!! + !!!!!!        
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Table 5-17 Parameter estimation for energy function (MJ) 
 
x1: Coded temperature; x2: Coded water rate, x3: Dwell time 
 
The model was significant with p-value of close to zero and R2 of 0.97. According to the t-Stats 
and p-value of regression terms, some of the terms such as x1.x3 and xi2 (i=1,2,3) were not 
significant in the model4. However, omitting these factors led to much lower regression 
coefficient and consequently less accuracy in estimation of experimental values. This would 
suggest that although these parameters were not apparently significant, they contribute to the 
accuracy of the final estimation by the model. Therefore, the model was used in its initial form 
of a full quadratic function of Equation 5-14. 
5.8 Multi objective optimization  
It is well recognized that engineering designs are usually involved with multiple and often 
conflicting objectives. These problems should be treated in a multi-criteria framework, usually 
resulting in a set of solutions and a large number of points, called Pareto decisions (Li et al., 
1998). In other words, for such problems there is not one single solution that optimizes all 
objective function simultaneously. Therefore a number of Pareto optimal points might be 
recognized to produce an optimum region. The final decision making in such problems is 
carried out according to additional preferences and engineering judgements.  
In the commercial production of activated carbon, product yield and adsorption capacity are 
critical factors regarding economical feasibility and marketing. For economical viability, the 
optimal process should result in a yield of at least 10-20% and surface area of 1000-1300 m2/g 
(Baçaoui et al., 2001). On the other hand the energy consumption plays a crucial role in any 
                                                      
4 The critical t-value for 18 degrees of freedom and 0.05 significance level in a two tailed t-tests is 
2.101(Dougherty, 2002). The degree of freedom is calculated as df=Number of observations (28) - 
number of model terms (10). 
Model Term Energy FunctionCoeff StdErr t-Stat Prob>t
intercept 15.8 0.6 27.4840 0.0000
x1 2.9 0.3 9.3114 0.0000
x2 0.9 0.3 2.7857 0.0122
x3 5.4 0.3 19.1960 0.0000
x1.x2 -1.5 0.7 -2.2272 0.0389
x1.x3 0.8 0.4 1.7981 0.0890
x2.x3 1.0 0.5 2.2286 0.0388
x12 0.4 0.6 0.5962 0.5585
x22 0.8 0.7 1.2124 0.2410
x32 0.5 0.5 1.0393 0.3124
df SS MS F0 P-value R2 Adj-R2
Regr. 9 9 593.4 65.9 0.0000 0.9655 0.9483
Resid. 18 18 21.1 1.2
Total 27 27 614.5
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industrial production method. Consequently, the optimization problem involves three objective 
functions of product yield (Function 1), surface area (Function 2) and energy consumption 
(Function 3).  
Optimisation was achieved through the simultaneous, point to point investigation (local search) 
of three variable objective functions as developed separately in this chapter. A MATLAB code 
was developed for this purpose, programmed to be flexible in terms of its resolution, which 
allowed for reducing the mesh sizes down to any desired accuracy. Optimisation initially 
started by locating the region in which the conditions related to Function 1 and 2 are satisfied, 
i.e. locates the temperature, water rate and dwell time region which results in the activated 
carbon with yield of between 10-20% and surface area >1000m2/g, as visualized in Figure 5-35.   
 
 Figure 5-35 The optimum region based on the water rate and activation temperature (X1, X2) from three 
variable models 
 
This figure indicates that the optimal region comprises the area with higher values of 
temperature and water rate at low dwell times, shifting to the region with moderate temperature 
and water rate at higher hold times. At this point, before introducing the energy consumption 
function to the optimisation problem, two optimum points could be identified from different 
approaches, associated with the identification of: (i) the point related to the highest surface area 
or (ii) the point related to the highest yield within the constrained region. These two optimum 
points could be of interest when energy consumption is not considered. These points and their 
validation experiments are displayed in Table 5-18.  
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   Table 5-18 Estimated and experimental responses corresponding to the optimal activated carbon  
Objective Conditions 
 Response 
 
 
BET surface 
area (m2/g) 
Product 
yield (%) 
Micropore 
Volume (ml/g) 
Optimised for 
highest 
surface area 
 
From the model: 885°C, 0.66 
ml/min for 3.4 hr 
Model 
Estimation 
1338 10.0 0.516 
Achieved in lab: 885°C, 0.63 
ml/min for 3.4 hr 
Experiment 
 
1208 11.7 0.501 
Optimised for 
highest 
product yield 
From the model: 848°C, 0.60 
ml/min for 2.8 hr 
Model 
Estimation 
1016 16.7 0.366 
Achieved in lab: 848°C, 0.63 
ml/min for 2.8 hr 
Experiment 
 
958 17.1 0.373 
Accordingly, the optimum point for the highest surface area was calculated to be at 3.4 hr dwell 
time, 885 °C activation temperature and 0.66 ml/min water flow rate, resulting in 10% yield and 
1338 m2/g BET surface area. For the highest product yield, optimum dwell time was found at 
2.8 hr activation with 0.60 ml/g water at 848 °C. The experimental values obtained at the 
optimal conditions are in good agreement with the predicted values from the models. A 
maximum 9.7% difference was observed between the experimental and model value, other 
optimisation studies also reported similar levels of accuracy, especially in the case of BET 
surface area, e.g. 8.3% difference reported by Baçaoui et al. (2001).  
With the addition of the energy function to the optimisation objectives, a more sophisticated 
approach was employed resulting in a set of Pareto optimal solution curves. The multi-objective 
optimisation was carried out in two separate scenarios, the first being focused on the product 
yield and energy consumption and the second more concerned with the surface area and energy 
consumption. Accordingly, the multi-objective optimisation problem can be summarized as:  
Scenario I                                                                 Scenario II 
 
 
Scenario I:  
The optimisation was carried out by a code developed in MATLAB programming software. In 
order to explain the optimisation algorithm, the product yield and BET surface area within the 
experimental region were named Function 1 and Function 2, respectively. Function 3 is 
assigned to the energy consumption function over the experimental range. The algorithm 
started with locating the region in which Function 1 and 2 are in satisfactory regions; i.e. 
locating the process factor range at which surface area is over 1000 m2/g and the yield is 
Maximize (Product yield)  
Minimise (Energy consumption) 
Subjected to: (BET surface area >1000 m2/g) 
 
Maximize (BET surface area)  
Minimise (Energy consumption) 
Subjected to: (10% <Product yield <20%) 
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between 10-20%. This step is called “Filtering Step I” from this point forward and resulted in 
identification of the region which was previously illustrated in Figure 5-35.  
In the next step, the range identified from Filtering Step I was divided into several smaller steps 
of 0.5% on Function 1 or the product yield. The next step was to minimise the energy function 
(Function 3) on each sector consisting of all points with Function 1 at a constant level (e.g. 
product yield of 10.0-10.5%) and Function 2 in the satisfactory region (e.g. BET surface area of 
>1000 m2/g). This step resulted in identification of one point at each sector with the lowest 
energy consumption. Accordingly, the Pareto curves were produced by plotting the yield and 
energy consumption at the optimum points, each selected at different levels of acceptable range 
of Function 1 or product yield. The algorithm of optimisation is illustrated in Figure 5-36.  
 
 
Function1: Product yield, conditional range between 10-20%, Function2: BET surface area, conditional range >1000 
m2/g, Function3: Energy consumption, to be minimised within satisfactory range of Function 1 and 2 
  
Figure 5-36 Multi-objective optimisation algorithm, Scenario I 
The final Pareto curve is indicative of the points in the region of Figure 5-35 which resulted in a 
product yield within satisfactory range and surface area of over 1000 m2/g, achieved at the 
minimum level of energy consumption. It should be noted that the Pareto curve is showing the 
value of optimised objective function, the production condition related to each point is recorded 
in an additional matrix and could be retrieved once a decision was made. For a discrete mesh of 
200×200×200 (corresponding to coded temperature, water rate and dwell time between -1 to 1), 
the Pareto curve in this scenario can be seen in Figure 5-37.  
Starting with producing a mesh on XYZ space, related to
three production variable parameters : Temperature, Water
rate and dwell time Calculating all objective functions (Surface area, Yield and
Energy) at each point of the space
If objective function 2 is within satisfactory range (e.g. Surface area
>1000) at any point, record the location of the point and its
corresponding value of function 2 and 3.
Start from the first step of the range (Function 1):
Dividing the satisfactory range of function 1 into steps. E.g.
Acceptable yield of 10-20% divided to 0.5% steps.
Among all recorded points (related to first step of function 1
condition range) find the point associated with the minimum energy
(Function 3) and record its corresponding value of Function1 in
Result(E) and Result(Y) arrays.Repeat from 4-6 until upper limit of the range of
Function 1 condition is reached. At each step one
point is added to Result(E) and Result(Y).
Produce the Pareto curve by Plotting
Result(E) vs. Result(Y).
Pareto curve illustrates all the points within the satisfactory
rang of function 1 and 2 (acceptable yield and surface are),
achieved at the minimum level of function 3 (energy
consumption)
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Figure 5-37 Pareto curve of BET surface area vs. Energy (Scenario I)  
There are 15 points on this curve, referring to optimum points at each level of product yield 
(divided to 21 segments from 10 to 20% at 0.5% steps). From this curve, it could be concluded 
that the production of a sample at 17.5 to 20% product yield (associated with 6 segments from 
17 to 20 % at 0.5% steps) had not resulted in any BET surface areas of over 1000 m2/g, hence 
the Pareto curve covers only the range of 10-17.5% product yield. From this curve it can be 
inferred that the product yield reached an optimum value of 15.8%, at the minimum energy 
consumption of 17.4 MJ. Up to this amount, the curve follows a recognised path of “higher 
product yield → lower burn-off →! lower energy consumption”. However, the curve diverts 
from this path at three points with higher product yield and higher energy consumption.  
In order to realize this pattern, the relationship between process conditions and the points on the 
Pareto curve was investigated in Figure 5-38 to 5-40. Corresponding BET surface area of the 
points can be seen in Figure 5-41. These figures can be used to correlate each optimum point at 
the Pareto curve to the corresponding process conditions. As can be seen in the figures, the last 
three points of the Pareto curve were related to the experiments at a higher dwell times, but 
moderate temperature and water rate, in comparison with the other optimum points before 
15.8% product yield. This is indicative of the strong and more dominant effect of dwell time on 
the total energy consumption in the process; therefore the decision making in the final process 
optimisation, using the Pareto curves, should be towards less dwell time rather than a lower 
temperature and water feed rate.  
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Figure 5-38 The temperature at the optimum points as identified on the Pareto curve 
 
 
 
 
Figure 5-39 The water feed rate at the optimum points as identified on the Pareto curve 
 
 
 
 
Figure 5-40 The dwell time at the optimum points as identified on the Pareto curve 
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Figure 5-41 The BET surface area at the optimum points as identified on the Pareto curve 
 
The decision about the optimum condition using this Pareto curve can now be based on 
different criteria such as; minimum energy consumption or maximum product yield. Moreover, 
the results can be interpreted differently based on the user’s justifications and desired process 
conditions. For example, to achieve the highest product yield of 17%, a temperature of 826 °C, 
water rate of 0.75 ml/min and 2.7 hr dwell time is required, which according to Figure 5-41 
results in a sample with a BET surface area of 1000 m2/g. On the other hand, the point at 15.8% 
product yield with only 1.2% lower product yield, results in a similar BET surface area of about 
1001 m2/g but at 3.5% lower energy consumption (reduced from 18.1 to 17.4 MJ). 
Scenario II:  
Scenario II applies a similar algorithm as explained previously, with Function 1 being BET 
surface area and Function 2 product yield. In this scenario the acceptable range of Function 1, 
was discretized into 8 segments, from 1000-1800 m2/g (nearly the highest achieved) at 100 
m2/g steps. The surfaces at each level of Function 1 were then minimised for energy 
consumption (Function 3). The Pareto curve, shown in Figure 5-42, was plotted for the points 
from the region of Figure 5-35 which resulted in satisfactory BET surface area (>1000 m2/g) 
and product yield (10-20%) achieved at the minimum level of energy consumption.  
The Pareto curve obtained in Scenario II follows the standard trend of a higher BET surface 
area achieved at higher level of energy consumption. It is noted that all these points resulted in 
product yield of between 10 to 20% (Figure 5-42); the corresponding process conditions can be 
found in Figure 5-43 to Figure 5-45.    
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Figure 5-42 Pareto curve of BET surface area vs. Energy (Scenario II)  
 
 
 
Figure 5-43 The activation temperature of the optimum points as identified on the Pareto curve 
 
 
 
 
Figure 5-44 The water flow rate of the optimum points as identified on the Pareto curve 
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Figure 5-45 The dwell time of the optimum points as identified on the Pareto curve 
No clear trend could be found for the influence of the activation temperature and water flow 
rate on the of Pareto points as seen in Figure 5-43 and 5-44. The curves can be only used for the 
purpose of identification of the level of process factors. However, the similar shape of dwell 
time and the Pareto curve seen in Figure 5-45 is indicative of significant influence of dwell time 
on the process optimisation based on energy consumption, similar to what observed in Scenario 
I. 
The difference between these two scenarios mainly lies on the significance of each objective 
Function. The first scenario is basically more concerned with the product yield, satisfying the 
economical aspect of production process. Therefore, one could make a decision on the 
production conditions based upon the required product yield. For example, if 15% yield is 
required, from the Pareto curve (Figure 5-37) it can be inferred that the minimum energy 
consumed for the production of a sample with surface area of over 1000 m2/g is around 17.5 
MJ. On the other hand, if the optimisation is to be prioritised on the quality of the product 
rather than product yield, Scenario II could be used. As an example, from the Pareto curve 
(Figure 5-42) it can be inferred that if the surface area of 1100 m2/g was required for the 
product activated carbon, the minimum energy for product yield of between 10-20% is around 
18.5 MJ, which can be achieved by activation with 0.9 ml/min water at 870 °C for 2.3 hrs. 
5.9 Summary and conclusions  
Throughout this and the previous chapter, a comprehensive response surface methodology was 
implemented to analyse the conventional (thermal) production of activated from waste hazelnut 
shells. The significant process factors identified from the screening tests (activation 
temperature, water flow rate and dwell time) were implemented in a more sophisticated multi-
level design to investigate their effect on the product yield and quality of the activated carbons. 
Accordingly, second order models were developed to estimate the surface area and pore volume 
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of produced samples. The high value of correlation coefficients in the empirical models 
(R2>0.96) and validation tests showed that the models could adequately predict the 
experimental data.  
As an important factor in the industrial process optimisation, the energy consumption during 
each experiment was calculated based a theoretical approach that was validated by experiment. 
This data was then used to develop a model estimating the energy consumption based on the 
process condition. Using these models, a multi-objective optimisation was carried out in the 
next step to identify the process conditions at which optimised product yield, surface area and 
energy consumption could be achieved. Pareto curves provided information on optimum 
conditions and a database in order to enable the manufacturer to select the optimum production 
conditions according to the application and required yield.  
Two scenarios were defined in multi-objective optimisation, both aimed at finding the process 
conditions at which activated carbon is produced with 10-20% yield and BET surface 
area>1000 m2/g, using the lowest energy consumption. The first scenario facilitated decision 
making based on required product yield, and the second based on required BET surface area. 
For example, based on the Pareto curve (scenario I) it was inferred that to achieve 15.8 % 
product yield, process conditions at 867°C temperature, 0.8 ml/min water rate and 2.2 hr dwell 
time can result in the lowest energy consumption of 17.5 MJ; this would result in BET surface 
area of 1000 m2/g. Similarly, conclusions can be drawn from Pareto curve of scenario II, yet at 
a specific required BET surface area.      
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6.  Chapter 6 
Microwave Heating Method: Initial Studies      
6.1 Introduction 
The indirect application of thermal energy to drive thermo-chemical reactions of interest to this 
research, such as carbonisation/pyrolysis, gasification/activation is well proven and has been the 
subject of the last two chapters in this Thesis. However, there have been far fewer studies of 
direct heating methods using microwave energy. Due to its distinctive energy advantages, 
microwave heating has been used within selected industries for material processing and heating, 
as was previously discussed in Chapter I. Key characteristics such as its volumetric nature, 
selectivity and the rapidity of the heating can result in a greater product uniformity, faster 
production rates and reduction of heat losses often associated with conventional heating systems 
(Clark and Sutton, 1996). As a result, microwave heating is investigated for the applications 
where significant energy savings could be achieved by replacing the conventional heating 
systems.  
In the field of waste management, thermochemical conversions such as pyrolysis are potential 
candidates for application of microwave instead of conventional heating systems. It should be 
noted that due to the rapid pyrolysis of materials achieved at higher heating rates which are 
enabled with microwaves, most of the studies found in literature are mainly focused on the gas 
and liquid yield rather than solid residues (Domıniquez et al., 2003, Domínguez et al., 2007, 
Zhao et al., 2010, Fernández et al., 2010). Therefore, the thermochemical process of materials in 
this section is referred to as pyrolysis, rather than slow carbonisation. Nevertheless, it has been 
reported in the literature that application of microwave heating in char production 
(carbonisation) also benefits from characteristics such as significant energy saving and a better 
product due to the reduction of deposition of condensable materials in the char internal surfaces 
(Fernandez et al., 2011).  
The present chapter is focused on the investigation of the carbonisation of hazelnut shells, using 
two different microwave systems. Section 6.2 introduces the parameters which are believed to 
be effective in microwave heating and therefore will be investigated in microwave pyrolysis of 
hazelnut shells. Section 6.3 describes the microwave experimental systems  and their technical 
properties. Section 6.4 presents the results from pyrolysis of hazelnut shells using two 
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microwave systems and discusses the possibility and suitability of these systems in the pyrolysis 
of hazelnut shells, followed by a summary and discussion of the results in Section 6.5.        
6.2 The influence of process factors on microwave heating  
The volumetric heating and deep energy penetration reported for microwave heating is believed 
to produce more uniform heating inside materials (Clark and Sutton, 1996, Meredith, 1998). 
However, a successful treatment with microwaves is strongly dependant on several operational 
parameters such as power, irradiation time and cavity design, in addition to the intrinsic 
dielectric properties of the materials. In fact, the realization of microwave heating advantages is 
only possible through correct control of these operational parameters (Bradshaw et al., 1998, 
Appleton et al., 2005). For example, highly non-uniform heating could occur in materials 
through the formation of hotspots in an uncontrolled microwave heating process. The 
occurrence of hot spots can result in unexpected heating performance and eventually a reduction 
of the overall efficiency of the process (Appleton et al., 2005).  
Understanding the non-uniformity in microwave heating of some materials mainly correlates 
with their dielectric properties, including microwave penetration depth (Dp). Non-uniform 
heating can occur when a dielectric with low penetration depth is exposed to microwaves. In 
such material power is usually at its highest density on the surface of the object, reducing 
towards the centre. Therefore, initially the surface of the object heats; as the depth of 
penetration is not sufficient to heat the core of the material directly by microwaves. Heat is then 
transferred to the centre of the object by conduction (Bradshaw et al., 1998).  
Having this heating mechanism in mind, the size of particles could be important in uniform 
microwave heating of materials with small penetration depth. In fact, using smaller particles can 
contribute to more uniform heating in these materials and consequently reduce the effect of 
heating by conductivity from outer layers towards the inside of the material. On the other hand, 
using smaller particle size could contribute to more uniform heating, by providing more bulk 
density and a higher contact area between particles which promotes the heat transfer inside the 
feedstock (Huang et al., 2008).        
Another factor, reported to affect the microwave heating of materials, is the volume of sample. 
Sample size plays a significant role in microwave heating of materials by affecting the Q-factor. 
The Q-factor is defined as the ratio of applied energy to the energy dissipated inside the 
material, per oscillation cycle of the microwaves. Therefore, using a small amount of sample in 
a large microwave cavity will result in a high Q-factor, implying that only a small fraction of 
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the energy is dissipated inside the sample (Bradshaw et al., 1998). Similarly, it can be concluded 
that the rate of energy dissipation in bulky samples is expectedly higher.  
In addition to the factors of particle size and the size of the workload, it is common for specific 
process factors to be investigated by other researchers in most of the studies related to 
microwave heating of materials, especially studies related to biomass. These factors are: 
microwave power (or material temperature controlled by microwave power) and irradiation 
time, as seen in Table 6-1. In consideration of these influential factors upon the microwave 
heating of biomass, the next section is focused on the carbonisation of hazelnut shells using two 
different microwave systems.   
Table 6-1 Investigated factors in the microwave pyrolysis of biomass in literature 
  
Author Feedstock Factors 
Miura et al. (2004) Wood blocks Irradiation time, wood block size 
Domínguez et al. (2007) Coffee hulls Temperature (power controlled)  
Huang et al. (2008) Rice straw Microwave power, particle size 
Robinson et al. (2009) Wood pellet Microwave power, irradiation time, moisture content 
Salema and Ani (2011) Oil palm shell Temperature (controlled by amount of additives) 
6.3 Microwave carbonisation of hazelnut shells 
6.3.1 Microwave ovens: Experimental setup 
From the previous work it can be inferred that microwave heating is highly affected by the 
structural characteristics of the microwave oven: such as its cavity and mode type (Thostenson 
and Chou, 1999, Bradshaw et al., 1998). Different types of microwaves from multimode 
domestic ovens to those specifically designed for commercial and research purposes have been 
used in the literature, according to which various results are reported (e.g., Robinson et al. 
(2009) and Miura et al. (2004), who used single mode especially designed microwave ovens and 
Salema and Ani (2012) who used a 1 KW domestic microwave). In the present work, it was 
decided to start the initial studies by using a modified domestic microwave oven to investigate 
the microwave responsivity and undertake general characterisation of microwave heating of 
hazelnut shells. This was followed by using a modified commercial microwave cavity designed 
for laboratory research purposes for carbonisation (and subsequently the activation of hazelnut 
shell chars in the next stage of the study). The results from both studies are presented and 
compared in the next two sections, starting with the domestic microwave system.   
6.3.2 Domestic microwave System 
The initial stage of this work utilised a modified Panasonic microwave model NN-SD277S with 
a maximum power of 850W, delivered at a frequency of 2.45 GHz to study biomass pyrolysis 
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(see Figure 6-1). As part of the modification, the microwave casing was penetrated from the top 
to provide fittings to support a bespoke quartz glassware (item 1, Figure 6-1) and Infrared (IR) 
sensor arrangement which, having been developed as part of a separate project (Goodman, 
2013) was used for temperature readings. At the base of the IR sensor (item 2, Figure 6-1) a gas 
inlet was provided through which nitrogen was introduced into the reactor. Volatiles produced 
during the pyrolysis were evacuated by the nitrogen flow, from the left side of microwave 
casing, through polytetrafluoroethylene (PTFE) tubing (item 4, Figure 6-1). PTFE was used 
because it is essentially unresponsive to microwaves (negligible dielectric factor) and therefore 
can be used inside the cavity without heating.  
 
Figure 6-1 The experimental system related to modified domestic microwave,  
reactors and oil condensing systems  
The volatiles were then transferred to a condensing system, consisted of a large oil trap (item 5, 
Figure 6-1) and two small cold finger traps (item 6, Figure 6-1) placed in liquid nitrogen baths 
(item 7, Figure 6-1). The condensable part of the volatiles was captured in the cooling system 
while the non-condensable gases left the cold fingers at the end. The temperature of the sample 
surface was read by the IR sensor and recorded by CALEXSOFT 1.05 software (Calex Ltd, 
UK) at intervals of 1 second, during each run.  
The bespoke quartz glassware (Multilab Ltd, UK) which was mounted inside the microwave 
cavity consisted of a ~100 ml round bottom quartz flask (d=6cm) into which the sample was 
loaded, a Pyrex IR window and a quartz quickfit connection collar, which joined these two parts 
and also provide an outlet connection for the PTFE tubing (Figure 6-2). This system provided 
an appropriate and clear viewing area for the IR sensor, adequate nitrogen gas flow and volatiles 
evacuation during the run.  
1- Reactor  
2- IR sensor 
3- Nitrogen inlet 
4- Volatile outlet 
5- Oil trap 
6- Cold fingers 
7- Liquid nitrogen 
flasks 
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Figure 6-2 The quartz glassware used inside the microwave cavity 
Quartz is an extremely good material to be used in the microwave reactors, as they are resistant 
to high temperatures and transparent to microwaves and can resist thermal shock much better 
than traditional laboratory glass such as borosilicate (“Pyrex”). However, the reactors are not 
completely invulnerable and were found to show signs of devitrification after extended use (see 
Figure 6-3). This was also reported in other studies using quartz reactors in microwave 
processing of carbon material (Bradshaw et al., 1998). Thus, periodic replacement of the reactor 
is required.   
 
 
Figure 6-3 Devitrification of Pyrex glassware after extended use  
6.3.3 Commercial microwave setup 
The main limitation of the modified domestic microwave oven setup was the lack of a rotating 
reactor system, hence it was unable to agitate the sample during heating uniformly and created 
issues over the homogeneous heating of the sample during pyrolysis. To overcome this problem, 
a commercial microwave system, the Milestone RotoSYNTH microwave reactor (Milestone 
s.r.l., Italy) was used in the pyrolysis of hazelnut shells in the next step of this study. The 
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RotoSYNTH is a single magnetron system with a maximum output power of 1200W and a 
rotating diffuser for homogeneous microwave distribution in the cavity. The distinctive 
advantage of this microwave was the continuous mixing of solids, induced by rotation of the 
reactor while heating. This feature is believed to aid the homogeneous temperature distribution 
inside the material (Milestone, 2009).  
The Milestone microwave setup was fitted with a specially designed joint to allow for the 
rotation of a quartz shaft at the centre of a fixed part as seen in Figure 6-4. The reactor was 
attached to the rotating shaft, through which nitrogen was introduced to the sample. Volatiles 
produced from pyrolysis were evacuated from a quartz tube located in the middle of the rotating 
shaft and subsequently condensed in a cold trap. The temperature of the sample was monitored 
during each run by an infrared sensor and recorded by a controller which was connected to the 
microwave. 
 
Figure 6-4 Schematic diagram of Commercial microwave RotoSYNTH setup 
 
Before a full-scale pyrolysis screening trial was conducted using the Milestone system, some 
simple heating tests, using hazelnut shell char, were undertaken using the available Milestone 
Microwave reactors.  
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Figure 6-5 Reactor designs (a) & (b) failed reactors (c) successful reactor design    
The reactor in Figure 6-5 (a) was a standard Milestone designed reactor which upon use, proved 
to be ineffective for char heating due to the absence of any stirrer indents in the reactor wall, 
resulting in incomplete mixing and excessive hotspot formation, despite reactor rotation. In fact, 
during rotation, the entire sample just slid on the smooth internal surface of the reactor as a 
single lump, rather than mixing.  
To address this problem, a smaller reactor, shown in Figure 6-5 (b), which was based upon 
another Milestone standard reactor, was made in quartz glass but with two stirrer indents on the 
side walls. However, it too was found to be ineffective. It was observed that due to the 
accumulation of sample at the bottom of the small reactor, the char was heated much more 
quickly and to a higher temperature. This was attributed to the concentration of microwave 
energy and subsequent losses (hot-spots and heat production) in a small volume of packed 
sample, which was compounded by the smaller exterior surface contact to the cool environment. 
In other words, the intrinsic selective heating of microwaves, coupled with the reduced effect of 
conductive heat loss from the sample resulted in sample overheating and consequently damage 
to that part of the reactor in contact with the sample.  
Due to this cycle of immediate overheating, followed by rapid cooling at the end of the tests, 
considerable thermal shock occurred in the small reactor. As a result, after only a few runs, the 
reactor started to show the signs of devitrification and the appearance of fine cracks which 
eventually resulted in complete tube fracture (see Figure 6-6).  
(a) (b) (c)
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Figure 6-6 Small reactor of Figure 6-5 (b), fractured only after a few runs 
Using the observations from the study of these two reactors, the design shown in Figure 6-5 (c) 
was successfully fabricated. The reactor was designed with a wider base and stirrer indents to 
provide a much better mixing and prevent overheating during irradiation of the samples.  Thus, 
this new reactor was successfully applied to the subsequent work discussed in this and 
subsequent chapters.  
6.3.4 Technical characteristics of the microwave systems  
The two microwave systems used in this study were similar in some basic aspects, e.g. both 
were single magnetron, multimode cavities. Nevertheless, they were fundamentally different in 
terms of their power insertion pattern and temperature control. Accordingly, the technical 
properties of these two systems were investigated and compared in this section, starting with the 
domestic microwave.  
In the Panasonic domestic microwave used in this study, two types of built-in temperature 
controls are utilised: a thermal cut-out sensor located on top of the cavity and a thermistor 
located next to the magnetron. The cut-out sensor is set to cut the AC current to the magnetron 
if the surface of the cavity overheated. Similarly, the thermistor sensor was installed on 
manufacture to protect the magnetron, by shutting the microwave source down, if the 
temperature of magnetron exceeded 125°C (Perdomo, 2009). These built-in temperature 
controllers are installed only for the protection of system and are incapable of controlling the 
temperature of workload. To measure the temperature of the heated material, an IR sensor was 
adapted to fit the microwave, as described in Section 6.3.2. However, the microwave was still 
incapable of controlling sample temperature as the sensor was not linked to the microwave 
controller system; therefore heating was only viable at a constant power and not the 
temperature.  
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To investigate the heating characteristics of the domestic microwave, the power consumption by 
the complete unit was captured using the electrometer (Electrocorder EC-2VA), used previously 
in Section 5.7.1.2. This value included the power used by the magnetron, control electronics, 
turntable motor and cavity illumination etc. The major power usage was by the magnetron and 
its demand pattern can be seen clearly in Figure 6-7.  This power demand was measured while 
heating 1g of hazelnut char for 30 min at different power levels. The electrometer measured the 
current and voltage used by the microwave at 2 second intervals and this has been converted in 
to Watts.  
 
 
Figure 6-7 The power pattern inserted by domestic microwave at 100W to 850 (W) 
As can be seen in Figure 6-7, when the microwave was set to work at 100W and 250W, power 
from the magnetron was delivered through pulse modulation. This occurs through switching the 
magnetron ON and OFF; the final power (either used or delivered) is calculated as the average 
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value over the whole working duration.  In contrast, when the microwave was set to work at 
400W, 600W or 850W, a constant power was drawn by the magnetron which was equivalent to 
85, 95 and 100% of the maximum power seen to be required by the system, via the application 
of a built-in inverter (discussed below and later in Section 6.4.1.2).  
The efficiency of the microwave could be calculated from the ratio of power used by microwave 
and that delivered to the sample. It should be mentioned that the readings from electrometer 
were related to the power used by the microwave and not the power delivered to the sample. 
Using the lab-ware and the method provided by the Robin instruction book, TX90 microwave 
leakage tester instruction manual, conformed to BS5175: 1976, the delivered power was 
measured for the domestic microwave. In this method two beakers were filled with 500 ml of 
distilled water heated at different power levels for 87 seconds. The real power delivered to the 
sample was calculated by measuring the temperature change multiplied by a constant number; 
50 if degree Celsius was used in the calculations. The efficiency was then calculated from the 
ratio of delivered power to the nominal power of the microwave (shown in Figure 6-8). 
 
Figure 6-8 Efficiency of domestic microwave at different power levels    
In contrary to the domestic microwave, the RotoSYNTH benefits from a more sophisticated 
temperature and power control system. The controller of this microwave system supports two 
types of heating programs: temperature and power controlled programs. If the temperature 
program was to be used, the power delivered to the sample was adjusted to achieve and 
maintain the desired temperature. This was achieved using the temperature feedback from the 
IR sensor providing the measurement of the surface temperature of the sample. In the case of 
using the power program, power was delivered to the sample at a constant level, regardless of 
the temperature of the sample.  
To enable comparison with the domestic microwave, the power usage measurements were 
carried out for the RotoSYNTH using similar power levels to those used in the domestic 
microwave. Similar to the Panasonic system at 400-850W, the RotoSYNTH is fitted with a 
0 
20 
40 
60 
80 
0 200 400 600 800 1000 
E
ffi
ci
en
cy
 (%
)  
Output power (W) 
Microwave efficiency 
Chapter 6 Microwave*Heating*Method:*Initial*Studies**
 
216 
 
sophisticated inverter technology which enables the unit to control the output power by 
changing line power frequency. Therefore, almost a rather constant power pattern was observed 
at all power levels as seen in Figure 6-9.    
 
Figure 6-9 RotoSYNTH power measurements using Electrocorder at equivalent power levels to the domestic 
microwave  
The efficiency of the RotoSYNTH at different power levels was calculated from the ratio of 
power usage and the nominal power, shown in Figure 6-10 
Figure 6-10. The total efficiency of RotoSYNTH was found to be less than the domestic 
microwave due to the power used in the rotation system and controllers, nevertheless it was 
similar to the domestic microwave in that a higher efficiency could be achieved at higher power 
levels. As seen in Figure 6-9, the higher efficiency is also associated with more stable power 
usage by the magnetron.          
 
Figure 6-10 Efficiency of RotoSYNTH at different power levels    
  
6.4 Microwave pyrolysis of hazelnut shells  
Using both domestic Panasonic and commercial RotoSYNTH microwaves, the possibility of 
microwave pyrolysis of hazelnut shells were investigated in this section. The study was a 
combination of qualitative and quantitative work, as both “production possibility” and the 
“quality” of carbonised hazelnut shells, in terms of its quantitative properties, were investigated. 
Due to the less recognised and complicated nature of the microwave pyrolysis, the application 
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of multi-level designs in the form of a response surface study  is not recommended as it might 
lead to misinterpretation or ignoring some useful observations (Myers et al., 2009). Therefore, a 
conventional experimental design was adapted for the study of microwave pyrolysis of hazelnut 
shells, of which the results are discussed in the next section.   
6.4.1 Pyrolysis using Domestic Microwave  
6.4.1.1 The effect of particle size   
The effect of particle size on microwave heating was investigated through heating a constant 
amount of sample at three different particle sizes and similar constant power and duration. As-
received hazelnut shells were crushed and sieved to particle size of (i) between 45 and 125µm, 
(ii) between 125 and 500 µm, and (iii) between 500 µm and 2 mm. For each test, 5 g of sample 
was heated at 600W for 30 min under 500 ml/min flow of nitrogen gas. To quantify the degree 
of carbonisation after each test, the solid (char) yield was normalised relative to the char yield 
expected under complete carbonisation by thermal means (30.4% from Section 4.4.1). 
Accordingly, the carbonisation degree at each test is shown in Table 6-2 for PST test series.  
Table 6-2 Product yield form pyrolysis of hazelnut shells by domestic microwave (PST series)
 
* The degree of carbonisation for this sample is not presented as the char yield is lower 
than that achieved in complete thermal carbonisation (30.4%) 
The temperature variations during the runs were plotted from the data produced by the IR sensor 
(Figure 6-11). It should be noted that the IR sensor readings are indicative of an average 
temperature of sample surface within the IR viewing area, thus it was not necessarily indicative 
of uniform temperature throughout the sample. The inside temperature of the sample could not 
be measured with the available equipment. 
Test Particle size (µm)
Char yield 
(%)
Carbonisation degree 
(%)
PST1 φ <45 53.9 66.2
PST2 45< φ <125 20.8 -*
PST3 125< φ <500 51.6 69.5
PST4 500< φ <2000 48.6 73.9
PST5 As received 57.3 61.4
Repeats
PST2 (Re1) 45< φ <125 51.2 70.1
PST2 (Re2) 45< φ <125 53.7 66.5
PST2 (Re3) 45< φ <125 56.6 62.4
PST4 (Re1) 500< φ <2000 53.7 66.5
PST4 (Re2) 500< φ <2000 51.2 70.1
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Figure 6-11 Temperature plots from IR sensor related to PST series on sample with particle size of <45µm to 
2mm 
Once the microwave was ON, a sudden increase in sample temperature was observed in all 
samples (Figure 6-11). This initial temperature jump was due to the rapid response of the water 
molecules in the sample (Salema and Ani, 2012). However when the water was evaporated 
completely after about 60 seconds, the microwave responsivity of shells drops slightly then 
stabilised before starting to increase again. Overall, the low temperature (~200°C) achieved in 
the pyrolysis of shells only resulted in partial carbonisation of the sample to an average degree 
of carbonisation equivalent to 67% by weight.  
There was an exception to this behaviour in the case of sample PST2, as seen in Figure 6-11. In 
the temperature profile of this test, a sudden increase (a jump from about 200 to 680°C) 
occurred after 3.8 min heating which resulted in complete sample carbonisation. There was a 
dramatic reduction of the solid yield in PST2. This unexpected reaction has been attributed to 
the formation of overheated spots during this test. Although contribution of these hot spots 
could be regarded as advantageous at first, the investigation of the product showed that the 
sample at the centre of the reactor had been extremely over heated and appeared to be partially 
graphitised. It is important to remember that due to the need to create a structure with 
disorganised aromatic carbon sheets (described in Section 1.6.1) graphitization is not favourable 
when a highly porous and adsorbent structure is desired.  
Moreover, in this and similar subsequent tests which showed complete carbonisation due to the 
formation of hot spots, a char yield of about 20% was repeatedly obtained (more similar results 
can be found in Table 6-3 of the next section). This value is about 10% lower than the char yield 
obtained for conventional thermal carbonisation of hazelnut shells (30.4%), and even the results 
from TGA of shells. From the thermal analysis of the hazelnut shells, previously shown in 
Figure 3-2 of Chapter 3, the char yield of 20% was close to the yield anticipated at temperatures 
of around 1200°C. This could be indicative of the occurrence of extremely high temperatures 
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through hot spots, resulting in uncontrolled graphitization, inorganic melting and hence 
excessive weight loss in the sample.  
Alternatively, the lower yield of solid residue could be also attributed to the fast escape of 
volatiles through internal hot zones towards the external cold region, which occurs through high 
heating rates of microwave heating. The fast escape of volatiles will consequently result in the 
reduction of secondary reaction of volatiles, hence a reduction in the deposition of condensable 
materials inside the char structure, leading to lower solid residue yield (Fernandez et al., 2011, 
Allan et al., 1980).                 
As seen in Table 6-2, some repeats were carried out on two of the tests (PST2 and PST4). These 
were done in order to investigate the formation of hotspots in the experiment PST2 to 
investigate if this was related to the particle size of 45<φ<125µm and in general to investigate 
the reproducibility of these results. The results show that repeating PST2 did not show the same 
phenomenon in which complete carbonisation and temperature of up to 680 °C was achieved, 
for any of the three repeats. According to these tests and subsequent tests in the next steps of the 
study, using the domestic microwave, the formation of hot spots was found to be rather 
arbitrary. In fact, hot spot formation is a recognised artefact of microwave ovens and may occur 
due to the non-linear dependence on temperature of the electromagnetic and thermal properties 
of materials (Reimbert, 1996, Fernandez et al., 2011). However, this effect can be much 
controlled by adequate mixing throughout any processes applying microwave heating of 
materials.  
In general, the tests conducted to investigate the effect of particle size in this section (PST 
series) showed that, excluding the tests where hot spots occurred, changing particle size did not 
introduce dramatic changes to char yield. In fact, the statistical analysis of PST test series 
showed that char yield could be considered almost constant in these tests within standard 
deviation of 2.6%. This result shown in Figure 6-12 was indicative of minor or negligible effect 
of particle size on the degree of carbonisation. In agreement with these results, Lei et al. (2009) 
also reported the insignificant effect of particle size on the microwave pyrolysis of corn stover.   
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Figure 6-12 Char yield obtained at different particle size; PST1: φ <45µm, PST2: 45<φ<125µm, PST3: 
125<φ<500 µm , PST4: 500<φ<2000 µm, PST5: as received 
Supporting these results, the insignificant effect of particle size was also confirmed with the 
investigation of microwave penetration depth inside hazelnut shell particles. Theoretically, the 
penetration depth can be calculated from the Equation 1-6 (Chapter I) by using the dielectric 
properties of the material. The measurement of dielectric properties of hazelnut shells was not 
feasible with the available equipment, thus the loss factor of wood, as the material most similar 
to nut shells was used from literature (Figure 6-13).  
 
 
Figure 6-13 Dielectric loss factor of wet and dry wood chips at 2.45 GHz, temperatures from 20 to 800°C  
(Robinson et al., 2009) 
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The dielectric loss of wood chips at the frequency of 2.45 GHz between 100 to 250°C, was 
reported to be around 0.05 by Robinson et al. (2009). With the assumption of ε"!""!= 0.05 at 
temperatures of <300°C and C= 3×108 m/s, the penetration depth can be estimated to be 38.9 
cm, which is much larger than the particle size we used here. This value explains the reason that 
large blocks of wood can be pyrolysed by microwaves (e.g. the work of Miura et al. (2004)) 
without grinding.     
6.4.1.2 Discussion 
The high yield of char and the low temperature achieved for the majority of the samples in this 
series (excluding the sample of PST2 affected by hot spots) was indicative of incomplete 
pyrolysis of samples. Compared to the char yield from the conventional method of nearly 
30.4%, the average degree of carbonisation by these samples was calculated to be 67.1%. An 
important observation during the study of the carbonisation of the hazelnut samples with the 
domestic microwave was that the carbonisation had occurred heterogeneously throughout the 
sample. Better carbonisation was observed in the centre area of the reactor, whereas little sign of 
carbonisation was seen in the sample located at the periphery of reactor, as seen in Figure 6-14.  
 
 
Figure 6-14 Partial carbonisation of sample; signs of complete carbonisation  
in the centre after 30 min irradiation 
This heating pattern, where a higher temperature occurs at the centre of material, is clearly 
representative of a complex heating situation which is occurring due to factors influenced by the 
microwave cavity, the sample and the reactor. Several events may be occurring simultaneously 
whose net effect is the observed result: 
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Internal heating effects may be one factor. Section 1.5.5, highlighted that internal heating occurs 
due to the deep penetration of microwaves into the material structure, causing the “inside-out” 
heating effect. This internal heating is advantageous when heating large samples. For example, 
the heating of large wood blocks which was experimentally investigated by Miura et al. (2004) 
and mathematically modelled by Zhao and Turner (2000).   
Although the estimated penetration depth by microwaves for the case of hazelnut shells was 
more than adequate to penetrate all the particles separately, the localised central heating pattern 
observed may be due to the powder mimicking a monolith, causing bulk heating behaviour by 
the powdered shell.  If this were the case, the internal heating should be considerably higher for 
samples with extremely fine particles. 
A final factor influencing this temperature pattern could be extracted based on the conventional 
heat insulation concept. Assuming that sufficient microwave penetration depth exists for all 
particles and that all particles are initially heated homogeneously by microwaves, during time 
the particles adjacent to the quartz reactor wall would be at a lower temperature due to the 
higher heat losses through contact with the cooler environment of the cavity. In addition, the 
heat produced in the centre of the sample is preserved by the surrounding material acting as 
insulation. This results in a temperature in the central part of the load which is sufficient to 
enable complete carbonisation and even partial graphitisation. In fact, based on this theory, 
larger particles would be less favourable as they would be less effective at providing insulation 
for the inner layers of sample, although non-uniform heating via hot-spots will occur at any 
case.    
6.4.1.3 The effect of power and sample size  
Using a conventional experimental design as shown in Table 6-3, the effect of sample size, 
changing from 10 to 30g was studied at 100, 270, 440, 600 and 850W power levels. The 
experiments are identified with “D j- i” titles in which j is the microwave power level and i is 
the sample weight at each test. In all experiments particle size was kept constant at 500 µm<φ<2 
mm as a more stable temperature plot was observed for this particle size during the experiments 
discussed in the previous section. A constant nitrogen flow rate of 500 ml/min was used in all 
experiments to purge the reactor and evacuate the volatiles throughout the pyrolysis. The 
maximum temperature achieved and char yield at the end of each experiment are presented in 
Table 6-3. The temperature plots of the D600-i test series are shown in Figure 6-15 as an 
example of typical data. 
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Table 6-3 The effect of power and particle size on char yield and maximum temperature achieved  
 
(i) 
Sample 
Size (g) 
(D100-i) 
100 W 
(D250-i) 
250W 
(D440-i) 
440W 
(D600-i) 
600W 
(D850-i) 
850W 
Yield 
(%) 
Temp 
(°C) 
Yield 
(%) 
Temp 
(°C) 
Yield 
(%) 
Temp 
(°C) 
Yield 
(%) 
Temp 
(°C) 
Yield 
(%) 
Temp 
(°C) 
10 90.6 158 78.1 239 70.3 229 51.4 333 68.7 215 
15 90.2 158 71.7 280 73.2 252 51.0 296 68.6 215 
20 82.2 177 69.7 184 66.5 257 43.0 353 68.6 202 
25 83.0 165 70.0 194 61.6 252 20.4 684 63.5 168 
30 81.3 143 72.6 160 61.7 253 20.3 889 61.1 208 
Experiments were named as D(power)-(sample weight). D600-25 refers to the test carried out on 25 g 
of sample at 600W 
It was observed that all but two of the tests, failed to achieve complete carbonisation of the 
hazelnut shells. The two tests with complete carbonisation (nearly 20% char yield) were related 
to irradiation of 25g and 30g of sample heated at 600W microwave power (called D600-25 and 
D600-30). As seen in the temperature plots of Figure 6-15, high temperatures of up to ~900°C 
was achieved in these two samples, through an apparently simultaneous contribution of larger 
sample size and formation of hot spots. 
 
Figure 6-15 The temperature plots of D600-i test series, readings from the IR sensor 
6.4.1.4 Discussion 
In order to investigate the carbonisation mechanism and possible occurrence of low temperature 
pyrolysis by microwave heating (explained by Budarin et al. (2009)), the thermal analysis of 
microwave pyrolysed samples (called MPS) was carried out in this section. The TGA curves of 
these samples were compared with the curve related to the thermal analysis of raw hazelnut 
shells (called RHS) heated at 40°C/min. The thermal analysis of raw hazelnut shells is 
considered here as a complete pyrolysis of hazelnut shells by a conventional heating 
mechanism, to be compared with the result from microwave pyrolysis. The reason for selecting 
a high heating rate of 40°C/min to compare with the microwave pyrolysed samples was that this 
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heating rate was assumed to produce the closest conditions to the fast microwave heating 
observed.  
The comparison study starts with the calculation of weight loss between the maximum achieved 
temperatures in each run from D j- i test series (showed in Table 6-3) and 1000°C where the TG 
curve nearly levels off. This value was also calculated from the TG curve of raw hazelnut shell. 
As an example, the comparison of TG curves is presented for D600-1 in Figure 6-16.  
 
Figure 6-16 the thermal analysis of raw hazelnut shells compared to the thermal analysis of 
microwave pyrolysed hazelnut shells 
Assuming that microwave pyrolysis resulted in complete extraction of volatiles up to the 
maximum temperature achieved throughout microwave heating, the weight loss after this 
temperature represents the volatiles left in the samples due to insufficient temperature 
increase/incomplete carbonisation. If this weight loss is similar to that within the same 
temperature range in the TG curve of raw hazelnut shells, it means that microwave pyrolysis has 
behaved exactly similar to the conventional heating mechanism that is used in thermal analysis.  
Obtaining higher weight loss values for microwave pyrolysed samples (VMPS) compared to raw 
hazelnut shells (VRHS) implies that pyrolysis has not been complete, even to the maximum 
temperature achieved through microwave heating. Weigh loss values from VMPS which are 
lower than RHS could be indicative of higher degrees of volatile extraction achieved at lower 
temperatures through microwave heating, compared to conventional heating. The study of all 
samples in D j- i test series resulted in the values shown in Table 6-4.  
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Table 6-4 The comparison between volatile extraction (%) in Microwave pyrolysed hazelnut shells (VMPS) and 
raw hazelnut shells (VRHS)  
 
Test VMPS
* 
(%) 
VRHS 
(%) Test 
VMPS 
(%) 
VRHS 
(%) Test 
VMPS 
(%) 
VRHS 
(%) 
D100-10 76 62 D250-10 69 61 D400-10 63 61 
D100-15 74 62 D250-15 66 58 D400-15 65 60 
D100-20 73 62 D250-20 62 58 D400-20 66 60 
D100-25 71 62 D250-25 65 62 D400-25 62 60 
D100-30 71 63 D250-30 65 63 D400-30 63 60 
Test VMPS (%) 
VRHS 
(%) Test 
VMPS 
(%) 
VRHS 
(%) 
D600-10 41 46 D850-10 66 61 
D600-15 40 56 D850-15 66 61 
D600-20 35 41 D850-20 65 61 
D600-25 4 3 D850-25 63 62 
D600-30 3 1 D850-30 63 61 
* In this table the VMPS and VRHS are the weight loses between the maximum temperature 
achieved in each test and 1000°C, calculated from TG curve of microwave pyrolysed and raw 
hazelnut shells respectively.      
 
In order to interpret these results, it should be noted that a small difference between the value of 
VMPS and VRHS in Table 6-4 indicates that microwave pyrolysis has been able to produce similar 
degrees of carbonisation (volatile extraction) at a equivalent temperatures to that achievable by 
conventional heating (TG). Accordingly, the following conclusions could be inferred from these 
results: 
(I) At the power levels of 100 to 400W and 850W, microwave pyrolysis resulted in lower 
volatile extraction compared to conventional pyrolysis. This indicates that up to a similar 
temperature, a lower degree of carbonisation had been achieved in these samples. Excluding the 
D600 series, the results from the TG and microwave pyrolysis tend to approach one another 
with increasing power and sample weight, which is indicative of the improving degree of 
carbonisation by microwave heating under these conditions.                                     
(II) The results related to 600W showed that higher degrees of volatile extraction were achieved 
through microwave pyrolysis, compared to conventional heating and also to other microwave 
power levels. This also could be a sign of low temperature pyrolysis, to a limited extent, having 
been achieved in these samples. Low temperature pyrolysis here refers to the extraction of 
volatiles at a lower temperature as estimated by the thermal analysis of raw hazelnut shells.    
In addition, the lowest average char yield, highest carbonisation degree and maximum 
temperature was achieved for the test series carried out at 600W, with 28.6% lower than average 
char yield achieved at 850W. These results were indicating that the 600W was generally more 
effective in the pyrolysis of hazelnut shells.  
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The reason for the better responses obtained at 600W could be attributed to the dependency of 
the power density that is absorbed by microwave heated materials, on wave frequency 
(Lidström et al., 2001, Thostenson and Chou, 1999). In order to explain this, it needs to be 
restated that the Panasonic microwave used in this study was equipped with an inverter 
(mentioned in Section 6.3.4). However, as previously seen in Figure 6-7 the inverter in this 
microwave was effective only at power levels of 440W and above, resulting in continuous 
constant output power. In microwave systems equipped with inverters, the line frequency is 
converted to variable higher frequencies (20 to 45 KHz), which allows for producing 
microwave power at different levels without switching the magnetron On/Off (Figure 6-17). 
Therefore, once the inverter is in operation, microwaves can be delivered to the sample with 
different frequencies, at different power levels.  
 
Figure 6-17 Inverter equipped microwave power control (Perdomo, 2009) 
If the frequency is too low while heating materials, the dipoles rotate in phase with the 
oscillating electric field, resulting in no dipole friction and consequently no considerable heat 
production. On the other hand, extremely high frequencies are undesirable in microwave 
heating as they do not provide enough time for dipoles to respond to the oscillating field 
(Lidström et al., 2001). Therefore, the molecules of each material show their best microwave 
respond at a specific frequency, depending on their dielectric properties. This could explain 
higher average temperature achieved at 600W by the domestic microwave, although the exact 
relation between the power and frequency of this microwave was unknown to us at this stage.         
6.4.2 Domestic microwave limitations: Reproducibility of results  
When domestic microwaves are employed for research, it should be always considered that 
these microwaves are not initially designed for high temperature operations. Therefore, the 
results from research with domestic microwaves should be used more carefully as seriously 
misleading results could be obtained from such tests (Bradshaw et al., 1998). In the present 
study, the reproducibility of results where complete carbonisation was achieved, was a problem 
which required more investigation when using the modified domestic microwave.    
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Complete carbonisation was achieved through microwave heating under some test conditions, 
including that carried out at 600W on 25 and 30g of sample (D600-25 and D600-30). The high 
temperature achieved through overheated spots in these tests may have been attributable to the 
effect of (i) a better response of material to microwave power of 600W and (ii) the higher 
amount of sample used in these tests, which contributed to a higher Q-factor and less heat loss 
from the sample surface to the cooler cavity environment. In fact, the initial heating mechanism 
at the centre of the sample could be similar in all experiments; however, with the better 
insulation effect of the surrounding sample for tests with 25g and 30g of hazelnut shells, 
compared to those with 10 to 20 g, the heat is probably more efficiently preserved at the core of 
the sample (see Figure 6-18). This could result in the initiation of the partial carbonisation at the 
centre of the sample. Consequently, pyrolysis could continue with the step-by-step improvement 
of dielectric properties of shells to the point where self induced pyrolysis was achieved without 
the use of any additives such as carbon.    
 
Figure 6-18 The insulating effect of stationary sample to preserve the produced heat at the centre of the 
sample with increasing sample weight   
However, repeating the tests in which considerably higher temperature was observed showed 
that the occurrence of high temperature, although in favour of the complete carbonisation, was 
not always repeatable. This was previously seen for the PST test series of Section 6.4.1.1. For 
example, repeats of D600-25 and D600-30 resulted in incomplete pyrolysis and char yields of 
45.1% and 41.6%, almost twice the value which was previously achieved (20.4 and 20.3%, 
respectively). From four repeats at D850-25, in three of the tests the temperature reached the 
similar maximum of about 215°C within 4% difference, resulting in incomplete pyrolysis. In 
one of the repeats however, complete carbonisation was achieved at the maximum temperature 
of 620°C through formation of hot spots at the centre of the sample.   
Consequently, it could be concluded that the test associated with complete carbonisation were 
not reproducible due to the unpredictable formation of hot spots. Although the formation of hot 
spots is somewhat desirable to favour complete pyrolysis, it cannot be guaranteed that it occurs 
Hot zone
Sample
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under certain conditions. This means that the pyrolysis may or may not be achieved at fix 
conditions. The failure to produce repeatable results, in addition to non uniform carbonisation 
within the sample were the major reasons which resulted in the abandonment of the application 
of the domestic microwave in the carbonisation/activation of hazelnut shells from this point 
forward.  
The next section discusses the results achieved from the application of the commercial 
microwave system the Milestone RotoSYNTH, which it was assumed, would to provide more 
stable and reproducible conditions by complete mixing of materials while heating.  
6.4.3 Pyrolysis using RotoSYNTH 
Given that the studies with the domestic microwave failed to produce consistent and 
reproducible results, the commercial RotoSYNTH microwave was employed at this stage for 
the pyrolysis of hazelnut shells. The distinctive advantage of this system was its ability to rotate 
the reactor while heating, which was believed to provide complete mixing and more 
homogenised heating. Hence, the problem with incomplete carbonisation of the sample at the 
periphery of the reactor, it was assumed, would be resolved by using a rotating reactor. In some 
research (Salema and Ani, 2012, Xiaoya et al., 2008), stirrers were used in order to mix the 
sample while heating, though this proved to be challenging comparing to the rotational reactor 
system. The effect of microwave power levels and sample size was investigated using the 
RotoSYNTH, as these two factors were found to be most influential in carbonisation of hazelnut 
shells from the initial studies with the domestic microwave.         
6.4.3.1 The effect of microwave power 
The effect of microwave power was studied through heating 10g of hazelnut shells in the reactor 
with finalised design (Figure 6-5 (c)), for 20 minutes at different power levels. This study used 
some of the results from the domestic microwave work, for example, a constant particle size of 
500 µm<φ<2 mm was used for all tests carried out with RotoSYNTH (Section 6.4.1.1). 
Moreover, in order to be comparable with the results from domestic microwave, 250, 440, 600 
and 850W power levels were used in addition to a higher power level of 1000W which was 
available only for the RotoSYNTH. Similar to all carbonisation runs, the reactor was purged 
with a nitrogen flow rate of 500 ml/min for 10 minutes prior to each test, which also remained 
constant during the run.    
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The weight of sample before and after irradiation was recorded for each run, to be used in the 
calculation of char yield and degree of carbonisation. The degree of carbonisation was 
calculated by assuming that complete carbonisation is achieved with 30.4% of char yield from 
original hazelnut shells feed (as discussed in Section 6.4.1.1). The results from this test series 
can be seen in Table 6-5. The tests in this table are identified with “RP-i”, where i is the 
microwave power level.    
Table 6-5 Pyrolysis of hazelnut shells with RotoSYNTH at different power levels* 
 
Test 
Name 
Microwave 
Power (W) 
Solid 
residue (%) 
Carbonisation 
degree (%) 
RP100 100 90.5 12.6 
RP250 250 90.4 12.8 
RP440 440 90.5 12.6 
RP600 600 90.2 13.1 
RP850 850 90.1 13.2 
RP1000 1000 89.5 14.1 
* All samples were irradiated for 20 min, under 500 ml/min purging 
nitrogen, and 40 rpm reactor rotation rate 
 
From these tests, it was noted that carbonisation did not occur at any of these power levels with 
using 10g of sample. The maximum carbonisation degree was achieved at 1000W of 14.1 %, 
which was mainly due to the extraction of moisture content. According to the built-in IR sensor 
readings, the maximum temperature achieved in these tests was 80 °C. Higher temperatures and 
hot spots did not occur during any of the runs; this was attributed to the proper mixing achieved 
by the RotoSYNTH and the prevention of overheated points at the centre of the sample, in 
addition to the small amount of sample used.      
6.4.3.2 The effect of sample size 
From the knowledge gained during the initial studies with the domestic microwave, previously 
discussed in Section 6.2, the sample weight was found to be highly influential on the maximum 
temperature achieved when microwave heating materials. Accordingly, a set of experiments 
were designed at the highest power level of 1000W, using a sample weight varying from 5 to 
100 g (limited by the capacity of the reactor) to properly investigate the feasibility of hazelnut 
shells pyrolysis by the RotoSYNTH. All samples were heated for 20 min under a nitrogen flow 
rate of 500 ml/min. The char yield, carbonisation degree and observations throughout each 
experiment are summarized in Table 6-6. The tests are identified with “RW-i”, where i is the 
sample weight. 
 
Chapter 6 Microwave*Heating*Method:*Initial*Studies**
 
230 
 
Table 6-6 Pyrolysis of hazelnut shells with RotoSYNTH using different sample weights*  
 
Test 
Name 
Sample  
Weight (g) 
Char  
Yield (%) 
Carbonisation 
 Degree (%) Observations 
RW5 5 91.8 11.8 
Maximum temperature of 60°C reached 
after 2 min, no measurable volatiles was 
extracted. 
 
RW20 20 89.8 14.3 
Maximum temperature of 105°C reached 
after 5 min, light volatiles (mainly water 
content) was extracted. 
 
RW30 30 74.9 36.5 
105°C was reached after 5 min, at 8 min 
temperature reached to 170°C where 
more volatiles were extracted. 
 
RW50 50 65.6 50.9 
Volatiles were observed after 2 min, after 
5 min temperature reached to 200°C with 
extraction of heavy volatiles, with the 
cessation of volatiles extraction, 
temperature declined after 8 min to 
150°C. 
 
RW100 100 48.7 77.1 
105°C was achieved after 1 min, by 7 min 
temperature was reached to 200°C with 
vigorous extraction of heavy volatiles 
(dark oil). Once volatiles extraction 
stopped, temperature declined to 150 °C. 
* All samples were irradiated for 20 min at 1000W, under 500 ml/min purging nitrogen,  
and 40 rpm reactor rotation rate 
 
An image of the samples produced in this test series is presented in Figure 6-19. As seen in this 
image, char formation was visibly improved only by increasing the sample weight, when other 
test conditions are kept constant. The positive effect of sample weight was attributed to the 
increase of Q-factor upon irradiation of large amount of sample as explained by Bradshaw et al. 
(1998). In addition, it can be seen that due to the complete mixing facilitated by the commercial 
microwave setup, more uniform samples were produced from the pyrolysis of hazelnut shells in 
this test series. 
 
 
 Figure 6-19 Improvement in char formation with increasing sample weight from 5 to 100g under similar 
conditions 
The temperature variation pattern, as described in Table 6-6, provided some interesting 
information on the pyrolysis sequence under each experiment. During the experiments with 
sample weights of 20g and less the highest temperature achieved was 105°C, mainly resulting in 
the extraction of sample water content. The pyrolysis of samples of 30g weight and above 
5 g 100 g 50 g 30 g 20 g 
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showed a different temperature pattern, by exhibiting a temperature rise after 5 minutes of 
irradiation. This temperature rise did not occur through formation of local hot spots (as seen in 
the experiments with domestic microwave) and was reproducible. In the experiments using 30g 
sample weight and over, a second step of temperature rise occurred of up to 200 °C in RW100. 
This step resulted in extraction of up to 77% of total volatile matter in the experiment with 100g 
sample weight. However, once volatile extraction stopped after 2 to 3 minutes, the temperature 
declined to 150°C and remained there until the end of the experiment.             
The initial temperature rise up to 105°C in all the runs is attributed to the high affinity of water 
molecules in the biomass with microwaves (Salema and Ani, 2011). Following this initial rise, 
the temperature remained constant at the water evaporation temperature (~105°C), until the 
water content was completely extracted. Once the water content was removed, the biomass itself 
was almost transparent to microwaves (a sudden decrease of dielectric constant can be seen at 
temperature >100°C for woody materials as shown in Figure 6-13). A possible explanation for 
the second step of the temperature rise in some samples (i.e. RW30 to RW100) could be 
extracted from the improvement of the material dielectric properties with partial carbonisation 
and increasing temperature. However, as the temperature decreases after 8 to 10 minutes of the 
experiment, it could be concluded that the rate of dielectric improvement has not been sufficient 
to produce a complete self induced pyrolysis phase.     
The variation of solid residue yield with increasing sample weight is displayed in Figure 6-20 
and compared with the char yield obtained from the complete carbonisation of hazelnut shells 
obtained from the conventional heating method.  
 
Figure 6-20 The solid residue obtained from microwave pyrolysis of hazelnut shells using sample weight of 5 to 
100g 
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From this figure it can be inferred that even the best produced sample (RW100) did not achieve 
the yield of char seen under standard carbonisation of hazelnut shells with the conventional 
heating technique. Moreover, the thermal analysis of the sample with the highest degree of 
carbonisation (RW100) shows considerable weight loss, as can be seen in Figure 6-21. The TG 
curve shows weight loss with a mild slope starting form ~200°C; it continues with more 
pronounced weight loss and a peak at around 340°C which is indicative of decomposition of 
celluloses and therefore incomplete carbonisation, even at the best charred sample produced by 
microwave heating. 
 
Figure 6-21 Thermal analysis of best char produced by microwave heating 
Although complete pyrolysis of hazelnut shells was not achieved for the range of sample weight 
used here, the application of RotoSYNTH was found to be beneficial in many aspects compared 
to the domestic microwave. The ability to rotate the reactor provided good mixing throughout 
the experiments; as a result, samples were carbonised more uniformly as the entire sample was 
evenly affected by the cooling effect of the cavity environment, which is in contact with the 
reactor. In addition, when using the RotoSYNTH, the sudden temperature increase due to the 
overheated sample at the centre was not observed; this was due to the absence of a stationary 
insulation layer made of sample on the periphery of the reactor (see Figure 6-18). From the 
experiments carried out at this stage of the work, it could be concluded that self induced 
pyrolysis of hazelnut shells by using the commercial multi mode microwave and without any 
additives might be achievable by using larger amount of sample, although this was restricted in 
this work by the reactor size and volatile evacuation system. Further investigation is required in 
this field.      
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6.5 Discussion   
Dry biomass such as wood and wood based materials is mainly microwave transparent at room 
temperature. The problem with pyrolysis of microwave transparent materials was previously 
addressed by many researchers (e.g. Adhikari et al. (2000), Ludlow-Palafox and Chase (2001) 
and Domínguez et al. (2007)), all confirming that the temperature of pyrolysis was not achieved 
in such materials through microwave irradiation. It is known that with increasing temperature, 
the dielectric properties of materials can improve as molecules move easily due to the reduction 
in viscosity or rigidity (Miura et al., 2004). However, self-induced carbonisation through step-
by-step improvements of the microwave responsivity depends on the rate at which this 
improvement takes place. 
  Table 6-7 Examples of microwave pyrolysis of biomass and their related conditions 
 
Author Feedstock Microwave Apparatus Microwave receptor 
Miura et al. (2004) Wood block Multi-mode - 
Menéndez et al. (2006) Coffee hulls Single-mode - 
Huang et al. (2008) Rice straw Single-mode - 
Chen et al. (2008) Pine wood NA SiC 
Robinson et al. (2009) Wood pellets Single-mode - 
Salema and Ani (2011) Oil palm Multi-mode Char 
The literature survey, summarized in Table 6-7, indicated that self-induced microwave pyrolysis 
of biomass is possible either using single mode microwaves (which produce microwaves at 
higher density) or by using microwave receptors. Microwave receptors such as carbon can 
achieve high temperatures of around 1000°C in a few minutes; when microwave receptors are 
used, the heat is initially transferred to the sample by conduction from the receptor particles. 
Once the carbonisation starts through conducted heat, the high microwave responsivity of 
produced char will contribute to further self-initiated pyrolysis (carbonisation) (Domínguez et 
al., 2007). Although this could be a simple method for microwave pyrolysis of microwave 
transparent materials, the use of receptors has a major drawback due to the need to separating 
them from the final produced. Because one of the main objectives of this study was involved 
with characterisation of the product from two production methods, the purity of sample was a 
primary concern. Therefore, microwave receptors were not used or evaluated in this work. 
Further, since char is a receptor, it was thought that if carbonisation could be initiated, then it 
may self catalyse.       
Although the majority of the work in literature employed microwave receptors or single mode 
microwaves for the pyrolysis of biomass, there are few studies in which biomass was 
successfully pyrolysed with microwaves without using receptors or multi mode cavities, for 
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example Miura et al. (2004) and (Robinson et al., 2009). The successful pyrolysis of biomass 
without microwave receptors could be attributed to: (i) the use of large volumetric samples in 
the work of Miura et al. (2004) implying that the pyrolysis could be achieved by increasing the 
Q-factor, higher heat dissipation within the sample and better preservation of heat inside the 
bulk sample (wood blocks) (ii) the use of single mode microwave in the work of Robinson et al. 
(2010); the single mode microwaves provide well defined electromagnetic field and higher 
power densities in comparison with multi mode cavities (Bradshaw et al., 1998).   
6.6    Summary and conclusion 
In this chapter the feasibility of direct carbonisation (pyrolysis) of hazelnut shells with two 
different microwave oven configurations was investigated; a modified household microwave 
Panasonic NN-SD2775 and a commercial Milestone RotoSYNTH microwave, especially 
designed for microwave heating of solid phases. The results showed that complete pyrolysis 
was not achieved in any of the experiments. The highest carbonisation degree of 77% as 
achieved by irradiation of 100g of ground hazelnut shells (500 µm<φ<2 mm) with the 
RotoSYNTH at 1000W for 20 minutes. However, considerable weight loss was observed 
through extraction of volatiles in the thermal analysis of this sample, indicating that the 
produced char was not appropriate for further steam activation.        
Therefore, it was decided that the single step production of activated carbon using microwave 
heating is not a feasible option in this study. In the literature (refer to Table 1-5, Chapter I) some 
studies reported single step carbonisation-activation of materials by microwave heating, but all 
of these studies utilised chemical activation technique which takes place at low temperatures. In 
addition, impregnation of samples with chemicals containing minerals could also contribute to 
achieving higher temperatures as some minerals show high microwave responsivity (Kingman 
and Rowson, 1998). The microwave activation using CO2 and steam has been mainly reported 
on the char produced from conventional method. Therefore, in the subsequent chapter, the 
steam activation of char produced with the conventional electrical furnace will be investigated 
using the commercial microwave RotoSYNTH. The product from this process will be compared 
to the samples produced using the conventional carbonisation-activation heating technique.   
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7. Chapter 7 
Physical Activation of Carbon by Microwave Heating 
7.1   Introduction 
The production of steam activated carbon by microwave heating technique is investigated and 
reported in this chapter. As discussed in the previous chapter, microwave heating was not 
successful in the production of self-induced carbonisation (pyrolysis) of hazelnut shells. 
Therefore, bulk char was produced at this stage to be used in a two step carbonisation 
(conventional heating)-activation (microwave heating) process.  
Based on the fundamental understanding of microwave heating process obtained from the 
literature and during the initial studies, and also the reproducible-repeatable results achieved 
from the commercial microwave RototSYNTH, the utilisation of a multi variable study was 
assumed to be feasible at this stage of the work. Accordingly, a set of screening tests was 
designed, similar to that used for the conventional production method (Chapter 5). Accordingly, 
Section 7.2 of this chapter describes the design and implementation of the screening tests which 
provided interesting information about the activation of chars with the RotoSYNTH. The 
statistical analysis of the screening tests are presented in Section 7.3, followed by a summary 
and conclusions about the screening tests in Section 7.4.  
Using the results from the screening tests, a combination of multi level experimental designs 
and conventional single-factor-at-a-time method was employed to investigate the effect of main 
factors on the properties of microwave produced activated carbon, in Section 7.5 and 7.6. The 
process was subsequently optimised in the same section. Finally a summary and conclusions of 
the microwave production of activated carbon from hazelnut shell chars is presented in Section 
7.7 of this chapter.    
7.2   Steam activation with microwave: Screening tests 
Investigation of the microwave pyrolysis of hazelnut shells, as discussed in previous chapter, 
indicated that the single step carbonisation-activation by microwave heating could not result in 
desirable results, as complete carbonisation of hazelnut shells by microwaves was not achieved 
within the experimental region of this study. Moreover, from the literature it was gathered that 
in the studies concerned with the microwave production of physically activated carbons, the 
char was separately produced using the conventional heating technique and subsequently 
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activated with microwaves. This was the case in all related studies including the work of Xin-
hui et al. (2011a), Li et al. (2009), Yang et al. (2010b) and Guo and Lua (2000); in one of the 
earliest works undertaken by Norman and Cha (1995), the char was also prepared by 
microwave heating, separately, although by using microwave receptors to achieve complete 
carbonisation and sufficient temperature for activation of chars with CO2. Even though the 
production technique used in these works involves a two-step preparation method and the 
utilisation of traditional heating methods, i.e. electrical furnaces, it can be still beneficial as it 
considerably contributes to shorter process time, decreases the reaction temperature and saves 
energy (Li et al., 2009).   
The most important factors studied by other researchers in the physical activation of chars with 
microwaves was found to be: activation agent flow rate, microwave power or temperature and 
irradiation time (Norman and Cha, 1995, Guo and Lua, 2000, Li et al., 2009, Xin-hui et al., 
2011a, Xin-hui et al., 2011b, Yang et al., 2010b). However, none of these studies include a 
screening test in which the effect of all affecting factors is investigated. Thus, in the present 
work, the screening tests of microwave activation on conventionally produced chars were 
conducted using seven variable factors: microwave power, irradiation time (dwell time), 
particle size, activating agent (water) rate, nitrogen flow rate, reactor rotation rate, and sample 
weight. Therefore, this study could provide some interesting information on some factors which 
have never been investigated so far. 
The test factors were selected to be consistent with the results from the earlier study of the 
conventional production method (Chapter 4); in addition to the factors from the conventional 
method screening tests, particle size was included in the design as it was observed to affect the 
heating mechanism of char particles. Although the particle size had been found to be ineffective 
in the carbonisation of raw hazelnut shells, initial tests showed that when char is irradiated by 
microwaves, heating is associated with the appearance of small electric arcs between the edges 
of particles. This phenomenon was also observed and reported by Menéndez et al. (2011) and 
will be discussed in more detail in Section 7.2.3. Due to this effect, being inherently influential 
when using samples with different particle size, this factor was also considered to be worthy of 
further study by the screening tests.       
Additionally, the activation temperature, as used in the conventional production method design, 
was replaced by the microwave power level. It is important to remember that due to the internal 
heating capability of microwaves, the actual temperature of the sample could not be measured 
with great accuracy during the tests. The temperature measurements by the RotoSYNTH only 
represent the average surface temperature of the samples. Therefore, the microwave power 
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applied, as a completely controlled and measurable process factor, was utilised instead of 
temperature (also suggested and applied in the work of Norman and Cha (1995)).  
7.2.1 Experimental design  
A 2!"!!! design with 16 runs was adopted for the screening of microwave steam activation of 
char. The experimental design displayed in Table 7-2 uses two levels of each process factor 
which are detailed in Table 7-1. The design uses a similar basis to that previously described in 
Section 4.2.4.  
Table 7-1 Selected factors and their range for the design of screening tests 
 
 
Table 7-2 Screening test fractional factorial design, resolution IV  
 
The responses to be analyzed at this stage were degree of carbon burn-off and BET surface area 
of the produced samples. Carbon burn-off was determined as gram of activated carbon 
produced per gram of ash free char originally used for activation. The analysis of the porous 
Factors in Production of AC Range Unit
Microwave power 400-850 °C
Irradiation (dwell) time 10-20 min
Water flow rate 0.5-4.0 ml/min 
Nitrogen flow rate 250-1000 ml/min
Particle size Crushed-as charred mm
Reactor rotation Rate 30-90 rpm
Weight of samples 5-15 g
Exp. Water rate (ml/min)
Nitrogen
rate (ml/min)
Microwave
power (W)
Particle
size
Reactor
rotation (rpm)
Sample
Weight (g)
Dwell
Time (min)
MSCR 1 0.5 250 400 500 µm< φ<2mm 30 5 20
MSCR 2 0.5 250 400 Not crushed 30 15 10
MSCR 3 0.5 250 850 500 µm< φ<2mm 90 15 10
MSCR 4 0.5 250 850 Not crushed 90 5 20
MSCR 5 0.5 1000 400 500 µm< φ<2mm 90 15 20
MSCR 6 0.5 1000 400 Not crushed 90 5 10
MSCR 7 0.5 1000 850 500 µm< φ<2mm 30 5 10
MSCR 8 0.5 1000 850 Not crushed 30 15 20
MSCR 9 4 250 400 500 µm< φ<2mm 90 5 10
MSCR 10 4 250 400 Not crushed 90 15 20
MSCR 11 4 250 850 500 µm< φ<2mm 30 15 20
MSCR 12 4 250 850 Not crushed 30 5 10
MSCR 13 4 1000 400 500 µm< φ<2mm 30 15 10
MSCR 14 4 1000 400 Not crushed 30 5 20
MSCR 15 4 1000 850 500 µm< φ<2mm 90 5 20
MSCR 16 4 1000 850 Not crushed 90 15 10
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structure and the BET surface area was carried out using nitrogen gas adsorption isotherms, of 
which the results and analysis of responses is presented in the proceeding sections.   
7.2.2 Sample production 
Hazelnut shell chars were prepared in bulk using the conventional Carbolite HTR 11/150 
laboratory scale rotary electrical furnace (Section 4.3.1).  Half of the char was then crushed and 
sieved into a particle size of 500 µm< φ<2mm and the remainder was kept with the original 
particle size, as carbonised; samples were stored in sealed plastic bags to be used for further 
activation by microwaves.         
From the comparative study of the application of the commercial and modified-domestic 
microwave ovens (Chapter 6), the commercial microwave (RotoSYNTH) was identified to 
produce more stable conditions throughout the experiment, more reliable (repeatable) results, as 
well as more homogenised processed sample due to its proper mixing mechanism. Therefore, 
the RotoSYNTH was exclusively employed for the activation of chars.  
The RotoSYNTH setup was previously illustrated in Figure 6-3 (Chapter 6). For each 
experiment, accurately weighted samples were placed in the round-bottom quartz reactor. A 
flow of Nitrogen gas was used to purge the reactor for 10 minutes prior and throughout the 
experiment. The activation process was performed using RO water injected through miniature 
tubing, along with the nitrogen gas. After each run, samples were cooled to room temperature, 
accurately weighed and stored in sealed bags.     
7.2.3 Formation of Plasma in microwave heating of carbon 
The microwave heating of chars, especially in the absence of water, was found to be associated 
with formation of tiny flashes of lights and sparks, distributed across the whole sample load. 
These flashes, called micro-plasmas, started to appear after 2 to 3 seconds of irradiation and 
each lasted for a fraction of a second. As a non-equilibrium system, the temperature of plasma 
is very complicated to measure; in fact different temperatures can exist in the same place and 
time. However, the regions where plasma forms can reach to higher temperature much faster 
than the rest of the sample (Phillips et al., 2009, Menéndez et al., 2011).  
Menéndez et al. (2011) investigated the formation of these micro-plasmas while microwave 
heating of several carbon structures, including biomass char. In their work, they reported two 
types of micro-plasmas called “spherical” and “electric arcs”. These two types of plasmas are 
distinguished according to their nature, shape and temperature of occurrence. Spherical micro-
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plasmas, also referred to as “ball lightning”, were observed at initial stages of heating and lower 
temperatures (<400°C). The ball lightning plasmas are different from the electric arcs. The 
electric arcs are formed in the course of a flowing current through a normally non-conductive 
media of gas (nitrogen in this case) as a result of electrical breakdown of the gas between the 
particles (Menéndez et al., 2011).  
In the experiments on microwave heating of hazelnut shell derived char, both types of plasmas 
were observed (displayed in Figure 7-1). The ball lighting plasmas were initially observed for 
all samples, although these were more dominant when char of a smaller particle size was used. 
The micro-plasmas were then reduced to less vigorous as the chars reached a red-hot 
temperature. In a number of the experiments, especially those conducted at higher Nitrogen 
flow rates (e.g. 1000 ml/min), electric arcs were seen to be formed, both between the particles 
and also between the particles and the quartz reactor walls, resulting in the formation of a 
standing plasma.  
 
Figure 7-1 Formation of micro-plasma in microwave heating of hazelnut shell chars  
It should be mentioned that because the temperature of plasma is not controllable, the 
experiments in which standing plasma was formed were stopped immediately, mainly for safety 
reasons, as there was a risk that the reactor may melt and the hot char could catch fire on 
exposure to air. The formation of standing plasma at high microwave powers (850-1000 W) 
was more dominant and could be reached after only a few seconds from starting the microwave, 
especially when very low water flow rates were used. For this reason, power levels of over 
850W were not used in the screening test series. However, while performing the screening tests 
it was observed that the standing plasma is generally suppressed with the introduction of water 
(the activating agent) to the reactor. Therefore, higher power levels were used in the subsequent 
steps of the work.  
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7.2.4 Characterisation of samples 
7.2.4.1 Adsorption-desorption isotherms   
Following the standard procedure of Section 4.3.3, the analysis of the porous structure of the 
microwave produced samples was carried out by the measurement of the adsorption-desorption 
isotherm using Nitrogen gas. The isotherms related to the sample with the highest and lowest 
adsorption capacity are illustrated in Figure 7-2. Samples produced in this test series mainly 
showed an isotherm of “Type C” form, as categorised in Section 4.4.3.2, with maximum 
adsorption capacity of less than 90 ml/g. This isotherm type showed an open hysteresis loop 
within the relative pressure range of P/Po = 0.2 to 0.95. The low adsorption capacity and 
appearance of a sharp knee in all the adsorption isotherms was indicative of the undeveloped 
porous structure and a limited pore size range in these samples. The shape of the hysteresis loop 
was indicative of the occurrence of Nitrogen capture within the structure of produced samples 
(as discussed previously in Section 4.4.3.3). Only three samples MSCR7, 11 and 12 showed a 
closed hysteresis loop, also associated with the highest adsorption capacity and BET surface 
area.    
 
Figure 7-2 The adsorption-desorption isotherm related to the samples with highest (MSCR7) and lowest 
(MSCR2) adsorption capacity from MSCR series 
7.2.4.2 Analysis of porosity and surface area   
The results from the analysis of the porosity and surface area of the microwave heated, steam 
activated samples and the commercial carbon F400, are summarized in Table 7-3. The analysis 
of the total and external surface area was performed using the BET and t-plot models 
respectively. The BET surface area was measured mainly between the relative pressures of 
P/Po = 0.05 to 0.15. For the samples which showed a sharper knee (e.g. MSCR7 and 12), the 
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linear part of the BET curves shifts to a lower relative pressure (P/Po = 0.0005-0.08) to ensure 
that the selected range includes point B. The linear part of the film thickness assigned to t-plot 
analysis was found to produce the best fit at 0.8-0.9 nm, resulting in the regression coefficient 
of 0.997-0.999. The parameters related to the BET and t-plot analysis of these samples can be 
found in Appendix IV.   
The analysis of the pore volume and size distribution was carried out using the HK and BJH 
methods, discussed previously in Section 1.6.9. However, because the desorption curve 
displayed what was considered to be Nitrogen retention, it was decided not to report the results 
from BJH method for the estimation of mesopore volume. Accordingly, only the results from 
the Horvath-Kawazoe (HK) method, which uses data extracted from the adsorption curve to 
enable the analysis of the micropores, are presented in Table 7-3.  
Table 7-3 Micropore volume and pore mean size in microwave screening test series 
  
 
The results showed that the micropore volume in these samples is much lower than the 
equivalent parameter of the commercial activated carbon, F400. The mean size of micropores 
across all the microwave-activated samples was larger than mean micropore size of F400 and 
most of the conventionally produced samples presented in Section 4.4.3.5. This was indicative 
of the either undeveloped microporosity or significant burn-out of micropores in these samples. 
In addition, the BET and external surface area of the microwave activated samples was lower in 
comparison with that previously achieved for conventional samples and measured for F400.  
Test
Title
Burn off 
(%)
Porosity (HK) Surface Area (BET)
Micropore 
volume
(ml/g)
Mean
pore size
(nm)
BET
surface
area 
(m2/g)
External 
surface
area (m2/g)
Volume
adsorbed (ml/g) 
(p/p0)=0.95
MSCR 1 9.7 0.109 1.011 274.6 24.04 98.5
MSCR 2 6.4 0.049 1.150 134.6 29.40 60.6
MSCR 3 6.0 0.091 1.032 231.7 25.75 86.9
MSCR 4 17.4 0.082 0.953 204.1 20.59 74.5
MSCR 5 11.6 0.064 1.159 175.6 40.09 80.1
MSCR 6 10.0 0.053 1.110 141.6 17.28 54.7
MSCR 7 13.4 0.149 0.793 369.1 22.19 116.3
MSCR 8 10.1 0.076 1.099 201.1 23.97 76.9
MSCR 9 4.7 0.089 1.087 230.9 31.16 90.9
MSCR 10 8.6 0.069 1.127 184.1 31.87 76.5
MSCR 11 11.0 0.138 0.910 336.2 16.69 107.8
MSCR 12 16.7 0.120 0.791 284.6 29.84 104.1
MSCR 13 6.7 0.064 1.136 172.3 32.54 73.8
MSCR 14 18.2 0.112 0.903 276.4 18.79 92.6
MSCR 15 10.1 0.098 1.031 249.8 26.16 93.3
MSCR 16 8.8 0.061 1.107 162.1 31.02 69.5
F400 - 0.393 0.807 1028.0 88.3 309.5
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The relationship between the degree of carbon burn-off and the surface area and micropore 
volume in this test series followed the previous trend seen for the samples produced by the 
conventional heating technique (Chapter 5). Accordingly, Figure 7-3 is the extended plot of 
Figure 5-6 previously seen in Chapter 5, now including microwave produced samples. From 
this figure it can be seen that the microwave samples in this test series resulted in carbon burn-
off of less than 20%; this was due to the limited experimental range of some factors such as 
dwell time. Although the range over which the parameters were selected, according to 
experimental limitations, such as formation of standing plasma, the results from the screening 
tests indicated that higher power levels and longer irradiation times are required to achieve 
higher (>20%) carbon burn-off. Due to the limited range of carbon burn-off achieved in this 
part of the study, the results from the screening tests were used as a qualitative result and with 
care.                
 
Figure 7-3 The correlation between BET surface area and carbon burn-off (%), for samples produced with 
both microwave and conventional heating  
7.3      Statistical analysis of screening test  
7.3.1  Calculation of main effect estimates 
The statistical analysis of the screening test was performed on two responses; carbon burn-off 
degree and BET surface area. The same MATLAB programme used in Chapter 4 was 
employed for the analysis of the microwave activated samples. The “plus and minus ones” in 
Table 7-4 are related to the highest and lowest level of each factor, respectively. The main 
effect estimates are calculated using a combination of observations associated with 
corresponding elements from the design matrix (more information is available in Section 4.2.4 
of Chapter 4 and Appendix I).  
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Table 7-4 27-3design contrast constant and effect estimates
 
* A: Water rate, B: Nitrogen flow rate, C: Microwave power, D: Particle size, E: Reactor rotation, F: 
Sample weight, G: Dwell time.    
The main effect estimates indicate that sample weight, in the case of degree of burn-off, and 
reactor rotation rate in the case of BET surface area, showed the largest (negative) effect. It can 
be seen that the variation of factors within the allocated region did not show similar behaviour 
for these two responses. This is attributed to the absence of a clear trend between these two 
responses, which is in contrast with the results from conventionally produced samples which 
exhibited a definite trend. As an example, particle size and Nitrogen flow rate was found to 
exhibit opposite effects on carbon burn-off (positive effect) and BET surface area (negative 
effect). To clarify these results, the analysis of variance and main effect plots were conducted. 
These will be separately discussed and compared to the results from the conventional activation 
method for both degree of carbon burn-off and BET surface area in the next two sub-sections.  
7.3.2 Factor effects on degree of carbon burn-off 
The significance of factor effects on carbon burn-off degree was further investigated in this 
section, by using analysis of variance (ANOVA) and main effect plots, as seen in Table 7-5 and 
Figure 7-4, respectively. The analysis of variance (ANOVA) indicates the significant effect of 
sample weight on carbon burn-off with P-value<0.05 and dwell time with F0>3.5 (the 
explanation of F0 and p-value can be found in Section 4.5.3). 
Although the analysis of variances specified that sample weight was statistically the only factor 
with a significant effect on degree of burn-off, interesting information can be obtained from the 
Test Title A* B* C* D* E*(ABC)
F*
(BCD)
G*
(ACD)
MSCR 1 +1 +1 +1 +1 +1 +1 +1
MSCR 2 -1 +1 +1 +1 -1 +1 -1
MSCR 3 +1 -1 +1 +1 -1 -1 +1
MSCR 4 -1 -1 +1 +1 +1 -1 -1
MSCR 5 +1 +1 -1 +1 -1 -1 -1
MSCR 6 -1 +1 -1 +1 +1 -1 +1
MSCR 7 +1 -1 -1 +1 +1 +1 -1
MSCR 8 -1 -1 -1 +1 -1 +1 +1
MSCR 9 +1 +1 +1 -1 +1 -1 -1
MSCR 10 -1 +1 +1 -1 -1 -1 +1
MSCR 11 +1 -1 +1 -1 -1 +1 -1
MSCR 12 -1 -1 +1 -1 +1 +1 +1
MSCR 13 +1 +1 -1 -1 -1 +1 +1
MSCR 14 -1 +1 -1 -1 +1 +1 -1
MSCR 15 +1 -1 -1 -1 -1 -1 +1
MSCR 16 -1 -1 -1 -1 -1 -1 -1
Main effect 
estimates
Burn-off 0.1 8.6 17.5 23.0 -15.0 -31.1 23.9
BET 164.0 -132.8 448.6 -451.6 -469.0 -433.4 175.0
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main effect plots (compatible with main effect estimates of Table 7-4) of other factors. The 
positive effect of dwell time and microwave power, attributed to the higher rate of reaction 
between carbon and the activating agent, was as expected. This has been also reported by other 
researchers concerning the physical activation of char with microwaves (Xin-hui et al., 2011a, 
Norman and Cha, 1995). However, increasing the reactor rotation rate caused a reduction in 
carbon burn-off, which was attributed to the faster cooling effect from the reactor walls, 
induced at high rotation rates. 
Table 7-5 Analysis of variance of carbon burn-off response 
 
 
 
Figure 7-4 The main effect plots for each factor on Carbon burn-off (%) response      
The effect of grinding the chars before activation (particle size) was found to be 
disadvantageous in terms of the degree of carbon burn-off. To explain this result, it is necessary 
to consider observations throughout the experiments, mainly concerned with the heating 
mechanism of these two particle size. During the tests it was observed that when samples were 
used with their original charred size (1 to <15mm), the pieces of chars were located relatively 
well-spaced from each other due to their irregular shape. In addition to the spherical plasmas 
which normally formed on chars as discussed in Section 7.2.3, this particle arrangement 
increased the possibility of formation of electric arcs between the particle edges. Therefore, a 
higher temperature and consequently potentially much harsher attack of water molecules to 
carbon edges could be expected at these locally hot regions.         
Carbon Burn-off
Source SS d.f. MS F0 P-value
Water rate 0.0 1 0.0 0.00 0.9915
Nitrogen flow rate 4.6 1 4.6 0.45 0.5199
Microwave power 19.2 1 19.2 1.90 0.2052
Particle size 33.0 1 33.0 3.26 0.1084
Rotation rate 14.0 1 14.0 1.38 0.2734
Sample weight 60.5 1 60.5 5.99 0.0401
Dwell time 35.8 1 35.8 3.54 0.0966
Error 80.9 8 10.1
Total 248.0 15
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From similar studies on physical activation of biomass char (Norman and Cha, 1995, Xin-hui et 
al., 2011a), it could be inferred that the rate of delivery of the activating agent is assumed to 
have a significant effect upon the degree of carbon burn-off. Therefore, the apparently 
insignificant effect of water feed (activation agent) rate obtained from this analysis, may be an 
artefact of the methodology applied. It should be noted that the effect estimates present the 
average of the response at each level of variable factor, thus it is possible that changing the 
parameters did actually cause considerable changes in the response, but the average turned out 
to be very close at both levels. Accordingly, this factor and Nitrogen flow rate was chosen for 
further investigation in next step of the study.   
7.3.2.1 Discussion: Comparative study on the burn-off degree response 
The effect of variable parameters on responses produced from conventional and microwave 
activated samples have been compared in this section. It was established that the effects caused 
by those factors which are shared in both production methods including; dwell time, water flow 
rate, Nitrogen rate, reactor rotation rate and sample weight, are similar for both production 
methods. From these results it could be inferred that the general mechanism (and not the rate) 
of carbon burn-off under conventional and microwave heating could be considered to be 
similar.  
The effect of sample weight on carbon burn-off was found to be especially interesting. The 
negative effect of increasing the sample weight was similar to the results from the conventional 
production technique. This implied that regardless of the heating technique, when char is 
activated with steam, large amounts of sample could reduce the degree of carbon burn-off. This 
result is in contrast with that was observed during the microwave pyrolysis of hazelnut shells, 
as explained in previous chapter. In fact, it was seen that increasing sample weight was found to 
be the most effective way to achieve higher degree of hazelnut shells carbonisation. 
To explain this observation it is necessary to compare the heating mechanisms believed to 
operate with biomass and chars under exposure to microwaves. There was a positive effect of 
sample weight noted during the pyrolysis of raw hazelnut shells, which was attributed to the 
increase in the Q-factor (section 6.2), implying that a higher energy dissipation and hence 
accumulation of heat could be achieved within the material upon using larger sample sizes. 
Considering that biomass is basically non/poorly responsive to microwaves, this effect could be 
the dominant reason of heating. In contrast, when char is heated by microwaves, the effect of 
sample weight upon the energy dissipation becomes less significant because char is generally 
microwave responsive. This implies that maximum energy dissipation can be achieved in chars 
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regardless of size of the sample. If this is the case, then simply increasing the sample weight 
will result in a lower activation agent to feed ratio. The consequence of this is a lower carbon 
burn-off degree; similar to that observed in the conventional production method.   
7.3.2.2 Factor effects on BET surface area  
The BET surface area of the microwave processed samples was found to be significantly 
affected by:  (i) microwave power, (ii) particle size, (iii) reactor rotation rate and (iv) sample 
weight, with respect to their level of effectiveness. These factors showed F0>3.5 and p-value 
<0.05 in the table of analysis of variance (Table 7-6). From the main effect plots in Figure 7-5 it 
can be inferred that increasing the sample weight, reactor rotation rate and char particle size 
have negative effects on the BET surface area of the activated carbon produced. Applying 
higher microwave power was evidently favourable for pore development and higher BET 
surface areas.  
 
Figure 7-5 The main effect plots for each factor on BET surface area (m2/g) response 
Table 7-6 Analysis of variance on BET surface area response
 
According to the ANOVA table, the contribution of increasing dwell time on the enhancement 
of BET surface area was not especially high; however as this factor was found to have 
considerable effect on the carbon burn-off, the effect of higher dwell times was investigated in 
the next steps of the work.  
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Source SS d.f. MS F0 P-value
Water rate 1681.0 1 1681.0 0.97 0.3541
Nitrogen flow rate 1102.2 1 1102.2 0.63 0.4488
Microwave power 12577.6 1 12577.6 7.24 0.0275
Particle size 12746.4 1 12746.4 7.34 0.0267
Rotation rate 13747.6 1 13747.6 7.91 0.0227
Sample weight 11739.7 1 11739.7 6.76 0.0317
Dwell time 1914.1 1 1914.1 1.1 0.3246
Error 13901.4 8 1737.7
Total 69410 15
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Among investigated factors in this study, the positive effect of activation agent rate and 
irradiation time was also reported by Norman and Cha (1995), Guo and Lua (2000), Yang et al. 
(2010b) and Xin-hui et al. (2011a) in the physical activation of char by microwaves. 
Additionally, the analysis of micropore volume as another response was carried out in this 
stage, which showed similar trends to that of BET surface area. This was due to the linear 
correlation between the micropore volume and BET surface area, being strongly interdependent 
7.3.2.3 Discussion: Comparative study on BET surface area response 
The screening tests related to the conventional production method showed similar effects of 
variable parameters on both carbon burn-off degree and BET surface area responses (Section 
4.1.2, Chapter 4). However, according to the last two sub-sections, the analysis of microwave 
activated samples showed some differences between the effects on these two responses. As a 
result, it was established that unlike the conventional method, the selection of influential factors 
using either of these two responses will result in a different outcome.     
The differences between effects of factors on burn-off and surface area responses could be 
attributed to the absence of a clear correlation between the responses in microwave activated 
samples, although there is a general upward correlation. For example, the results showed that 
using higher Nitrogen flow rates during microwave activation accelerated the rate of carbon 
burn-off, but did not contribute to the BET surface area enhancement. In addition, using a 
smaller particle size during microwave activation significantly contributed to an improvement 
of the BET surface area, whereas, it showed a reduction in carbon burn-off, as can be seen in 
Figure 7-4.   
Comparing the effects of factors on the BET surface area for both the microwave activation and 
conventional activation methods, they showed similar results in the case of water rate, rotation 
rate, sample weight and dwell time. Sample weight and reactor rotation rate showed similar but 
more significant effects to the microwave heating technique compared to the conventional 
method.      
The effect of Nitrogen gas flow rate was different between the microwave and conventional 
activation methods. However it should be noted that the effect of the sweeping gas is not 
directly comparable in the two systems due to some subtle differences in their reactor size, 
shape and evacuation mechanism. The microwave reactor have a much higher rate of flow than 
the thermal system, this was primarily due to the much smaller reactor size and a closer contact 
between the flow of Nitrogen and the sample. This also could mean that the nitrogen flow used 
Chapter 7 Production of Activated Carbon by Microwave Heating 
 
248 
 
in the microwave system has been too high, providing insufficient time for the water to react 
with char.   
7.3.2.4 The analysis of interactions  
The effect of interacting factors was studied using the BET surface area response. The second 
order interaction effects can be seen in Figure 7-6. This BET surface area response was selected 
here as the final optimisation was based on this parameter rather than degree of carbon burn-
off. As can be seen in Figure 7-6, the factors with highest effect, which were identified from the 
ANOVA table (Table 7-6), showed no significant interaction with each other. These plots are 
indicating that the impact of these factors on the response is consistent, regardless of variations 
in the other factors. The absence of any interactions between these factors implies that selection 
of microwave power at its highest level and with the particle size, rotation and sample weight at 
their lowest levels will favour of BET surface area enhancement.      
 
Figure 7-6 The interaction plots between factors with the most significant effect on BET surface area   
Among those factors that showed less significant effect (Nitrogen and water flow rate, and 
dwell time) according to the analysis of variance, Nitrogen rate and water flow rate show 
interactions as seen in Figure 7-7. The dwell time showed no interaction with any of the other 
six factors. The water and Nitrogen flow rate are naturally interacting as Nitrogen flow rate 
could effectively influence the reactor evacuation and consequently the contact time between 
water molecules and the char. As can be seen in this figure, at a constant (low) Nitrogen flow 
rate, increasing the water flow rate will result in considerable enhancement of the surface area. 
On the other hand, at high Nitrogen flow rates, increasing the water flow rate did not contribute 
to the developing surface area, it even appeared to have a negative effect. This was due to the 
fast evacuation of the reactor by Nitrogen, and much reduced contact between the steam and 
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char. Therefore, it could be inferred that in order to see the effect of increasing activating agent, 
extremely high Nitrogen flow rates of 1000 ml/min should be avoided. Nevertheless, the flow 
rate applied must be sufficient to ensure the removal of gasification products – CO and H2, 
which if it is insufficient will also affect the rate of the activation reaction and suppress surface 
area development.            
 
Figure 7-7 The interaction plots between Nitrogen and water flow rate in microwave activation 
7.4   Summary and conclusions from the screening tests  
The analysis of the screening tests on the steam activation of hazelnut shell chars, with the 
commercial RotoSYNTH microwave system, provided important information regarding the 
effect of operational factors on the adsorption capacity of produced activated carbon. Moreover, 
the screening tests provided useful information about the interactions between the process 
factors. The factors with the most significant effect upon the BET surface area, as assigned by 
the analysis of variance, was found to be microwave power, particle size, rotation rate and 
sample weight. From the analysis of the screening tests collectively, it was gathered that to 
increase the surface area it is required to use: 
1- Higher microwave power  
2- Smaller particle size  
3- Lower reactor rotation rate  
4- Smaller amount of sample  
The study of factor interactions indicated that these parameters had no interaction with each 
other and thus, selection of these factors at the most appropriate level could result in high 
surface area activated carbon production. Based upon these results, three of the factors were 
fixed from this point of the work to the end: 
(i) The particle size was selected at its lower level, i.e. crushed and sieved to 500µm< 
φ< 2mm. 
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(ii) Sample weight was selected to be constant at 10g. Using very small amounts of 
sample could result in complete burn-off under more severe conditions, such as 
long dwell times, which should be considered for further study.  
(iii) For the selection of a suitable constant reactor rotation rate, a sub-study was 
performed at this stage. The study was focused on the effect of the rotation rate at 
two levels of water feed rate. These two factors were initially assumed to influence 
each other, as both are important factors in mixing the sample with the activating 
agent. Therefore, ten experiments was designed at variable rotation rates from 30 to 
90 rpm at two levels of water flow rate as shown in Table 7-7; all of these results 
can be seen in Figure 7-8.  
 
Table 7-7 Sub-study: the effect of reactor rotation rate at two different of water flow rate 
 
 
 
 
Figure 7-8 The effect of rotation rate on degree of carbon burn-off (%) 
 
It is noted that the two levels of rotation rate were selected according to the stability of rotating 
movements during the runs. The rotation rates lower than 30 rpm was occasionally ceased due 
to the weight of the reactor, and friction between the rotating parts. On the other hand, rotation 
Exp. Water rate(ml/min)
Nitrogen
(ml/min)
Power 
(W)
Particle
size
Sample
weight (g)
Rotation 
(rpm)
SubRot1-1 0.5 500 600 500µm< φ< 2mm 10 30
SubRot1-2 0.5 500 600 500µm< φ< 2mm 10 40
SubRot1-3 0.5 500 600 500µm< φ< 2mm 10 56
SubRot1-4 0.5 500 600 500µm< φ< 2mm 10 73
SubRot1-5 0.5 500 600 500µm< φ< 2mm 10 90
SubRot2-1 4 500 600 500µm< φ< 2mm 10 30
SubRot2-2 4 500 600 500µm< φ< 2mm 10 40
SubRot2-3 4 500 600 500µm< φ< 2mm 10 56
SubRot2-4 4 500 600 500µm< φ< 2mm 10 73
SubRot2-5 4 500 600 500µm< φ< 2mm 10 90
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rates of over 90 rpm, resulted in instability of the system and the risk of breaking the rotating 
joint.  
The results from this sub-study showed that due to the cooling effect of high rotation rates, 
significantly low carbon burn-off was observed. The highest burn-off was achieved at 30 rpm, 
which was used in experiments from this stage to the end.  
The effect of other factors, including Nitrogen and water flow rate (interacting with each other) 
and dwell time was further investigated employing a combination of a multi-level design and 
“single factor at a time” method, discussed in the following sections. It should be mentioned 
that the application of a multi-variable RSM study could be challenging or even sometimes 
misleading in the unknown processes. The production of activated carbon using microwave was 
found to be associated with much more uncertainties compared to the conventional production 
technique. Therefore, its was decided to break the study into several sub-studies, each focused 
on the investigation of one or two variables. For the factors that showed no interaction with any 
other factors, a single-factor at-a-time method was used; whereas multi-variable designs were 
used in case of interacting factors such as Nitrogen rate and water low rate.     
According to this, in the next section the results from a multi-level Doehlert design, which was 
employed for the investigation of Nitrogen and water flow rate, is presented at different power 
levels. Subsequently, the results from this study will be used to investigate the effect of dwell 
time.   
7.5   The study of activating agent and purging gas rate effect   
7.5.1 Experimental design 
A two variable Doehlert design was implemented to investigate the simultaneous effect of two 
interacting factors, as identified from the screening tests: nitrogen flow rate and water rate. In 
order to involve the third factor (microwave power), which was left for more investigation, the 
two variable 5 level design was performed at different microwave power levels. Four carbon 
series were produced (28 experiments), using the water and nitrogen flow rates as presented in 
Table 7-8. Other parameters were kept constant at: 10g sample weight, 20 min dwell time, 30 
rpm rotation rate.      
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Table 7-8 Multi-level designs for the study of water and nitrogen flow rate at different power levels 
   
* Microwave power at 400, 600, 850 and 1000W 
Samples produced at each test series were titled as (power-i), “power” is replaced by 
microwave power value in each test series followed by the number of the test in that series 
according to the Doehlert design. For example, in the first test series carried out at 400W, 
samples were named 400-1 to 400-7.  
7.5.2 Sample production 
Activation of char produced from the conventional electrical furnace was undertaken as 
described in Section 7.2.2 using the RotoSYNTH system, following the experimental design 
shown in Table 7-8.  The yield at each experiment was accurately measured, to be applied in 
the calculation of carbon burn-off. The resulting samples were collected and stored in sealed 
bags to be used for further characterisation.     
7.5.3 Temperature measurements 
It was previously stated (Section 7.2) that the experimental designs were all based on changing 
the microwave power as the main process factor, which controls the temperature of the sample. 
In this section the temperature plots of selected runs from “power”-i tests series was studied to 
obtain information on the range of temperature achieved in these tests. The temperature plots, 
as seen in Figure 7-9, were obtained from the microwave built-in IR sensor.  
Coded values Real Values
Test title
Water
Rate (X1)
Nitrogen 
rate (X2)
Water 
rate (U1)
Nitrogen 
rate (U1)
(Power) *-1 0 0 2.2 600
(Power)-2 1 0 4 600
(Power)-3 0.5 0.866 3.1 950
(Power)-4 -1 0 0.5 600
(Power)-5 -0.5 -0.866 1.4 250
(Power)-6 0.5 -0.866 3.1 250
(Power)-7 -0.5 0.866 1.4 950
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Figure 7-9 Temperature profiles of selected microwave runs (“power”-i series)  
The IR sensor showed the average temperature of sample’s surface; there was no other way to 
measure the temperature at the core of the char or inside the reactor. The temperature plots 
were selected for three different experimental conditions (nitrogen and water flow rate) at four 
level of microwave power from 400W to 1000W. From these figures it can be inferred that the 
highest temperature of nearly 440 C was achieved at 1000W, regardless of other factors.  
The temperature plots are less stable at 400W, most probably due to the fact that the power 
level is low enough to be influenced by the cooling effect of water introduced to the system for 
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the purpose of activation. Consequently, the 400-4 with the lowest water rate (0.5 ml/min) 
showed a more stable temperature profile compared to the other two experiments in the 400-i 
test series. At power levels of 600W and higher, the temperature plots reach their maximum 
values in under 5 minutes; at 1000W this period is reduced to less than 3 minutes.   
7.5.4 Samples Characterisation   
Evaluation of adsorptive characteristics of the produced samples was carried out by single point 
Phenol and Methylene Blue adsorption tests. Single point adsorption tests were used to provide 
a comparative value, indicative of adsorption capacity of the samples; full adsorption isotherms 
were only obtained for the samples with the highest adsorptive capacity for compafative 
purposes. These two adsorbents, Phenol and Methylene Blue, had been previously selected to 
provide information on the adsorption of molecules at two different size ranges (0.62-0.8 nm), 
by the conventionally activated samples (Section 5.4.2).  
The tests were carried out following the method previously described in Section 5.3 of Chapter 
5. For each test, an accurately weighed, ground sample (< 45 µm) of carbon, (20 mg for Phenol 
and 100 mg for Methylene Blue adsorption) was placed in contact with 50 ml of stock 
adsorbate solution at concentration of 100 ppm, in 100 ml conical flasks. The carbon dosage 
was selected in a way that the final adsorbed amount was within the recommended range of 10-
85% of initial concentration (ASTM D3860). The adsorption capacity was calculated from the 
amount adsorbed in milligrams per gram of sample.  
In addition to single point liquid phase adsorption tests, nitrogen gas adsorption was determined 
for selected samples following the procedure as previously described in Section 4.3.3. 
7.5.5 Results and discussion 
7.5.5.1   Liquid phase adsorption  
Table 7-9 shows the adsorption capacity of all the samples produced as part of the "Power-i" 
test series obtained from the single point adsorption tests. The tests were conducted in duplicate 
for samples produced at test 600-i and 1000-i, resulting in a maximum difference of 3.5%. For 
comparison purposes, the coal base commercial activated carbon F400 was tested under similar 
conditions for both Methylene Blue and Phenol. The Methylene Blue single point adsorption 
test on F400, with the same carbon dosage as used for the microwave produced samples, 
resulted in complete adsorption of solute, thus not comparable. The result for Phenol adsorption 
was found to be 131.2 mg/g, considerably higher than values obtained for carbon samples. 
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Table 7-9 Carbon burn-off and adsorption capacity of “power-i” test series, following Table 7-8  
 
* QMB: Methylene Blue adsorption capacity, QPh: Phenol adsorption capacity 
 
 
Figure 7-10 The relationship between carbon burn-off and liquid phase adsorption of Phenol and Methylene 
blue 
The results plotted in Figure 7-10 showed that the liquid phase adsorption capacity of the 
samples increased with the degree of carbon burn-off. This figure also indicates that a higher 
adsorption capacity was achieved by the adsorption of Phenol compared to Methylene Blue. 
Figure 7-10 also presents a clearer trend between the degree of carbon burn-off in samples and 
their adsorption capacity occurring at carbon burn-offs lower than 20%. This observation could 
imply that the rate of pore enhancement at the range of 0.6-0.8 nm, i.e. the range equivalent to 
the adsorbate molecular size, has occurred in a more controlled manner at lower burn-off 
degrees of 20%.  
Test Burn-off(%)
QMB*
(mg/g)
QPh
(mg/g) Test
Burn-off
(%)
QMB
(mg/g)
QPh
(mg/g)
QPh
(replicate)
400-1 9.9 0.90 14.2 600-1 13.9 5.40 31.6 30.5
400-2 11.3 2.05 17.8 600-2 15.9 8.81 49.7 51.1
400-3 11.4 1.10 17.2 600-3 14.7 8.38 35.4 35.4
400-4 7.9 1.40 14.1 600-4 10.5 4.08 25.3 24.8
400-5 9.0 1.04 16.4 600-5 11.8 8.52 25.3 24.7
400-6 11.8 2.21 18.1 600-6 15.4 11.17 48.5 49.1
400-7 8.4 0.90 16.5 600-7 12.2 6.29 30.3 31.0
Test Burn-off(%)
QMB
(mg/g)
QPh
(mg/g) Test
Burn-off
(%)
QMB
(mg/g)
QPh
(mg/g)
QPh
(replicate)
800-1 17.3 9.45 47.4 1000-1 25.8 23.94 71.3 72.6
800-2 20.1 13.89 58.6 1000-2 29.2 49.43 96.8 89.4
800-3 17.4 9.42 56.2 1000-3 25.5 42.19 85.9 83.4
800-4 13.2 5.03 37.8 1000-4 15.4 9.46 42.6 41.8
800-5 15.1 8.96 52.3 1000-5 20.7 32.03 76.0 73.9
800-6 18.8 11.60 57.0 1000-6 29.8 48.97 87.1 85.2
800-7 16.2 8.48 52.3 1000-7 20.3 37.97 82.3 80.1
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7.5.6 Optimisation of water-Nitrogen rate  
The experimental design of "Power-i" series as presented in Table 7-8, resulted in two response 
surfaces representing the single point Phenol and Methylene Blue adsorption capacity of the 
samples.  The analysis of variance was undertaken for the two responses obtained in duplicate, 
from the single point tests at 600-i and 1000-i. Accordingly, Table 7-10 shows the regression 
coefficients of the fitted models to the corresponding responses and the significance of each 
component, based on their t-Stat and p-values. The; ANOVA table relating to 600-i showed that 
all terms were significant, whereas at 1000-i only the water rate was significant with p-values 
of less than 0.05 and t-Stat of >1.16 (this is a critical t-Stat for 13 degrees of freedom, two tails 
at 95% significance level).  
Table 7-10 The ANOVA related to Phenol adsorption responses of tests series 600-i and 1000-i 
 
x1: Water rate , x2: Nitrogen flow rate 
These results indicated that the effect of nitrogen flow rate (x2) becomes less significant with 
increasing irradiation power level. Among significant effects, the water rate (x1) showed a 
synergistic positive effect on both responses, implying that increasing water rate has 
contributed to the adsorption capacity, regardless of nitrogen flow rate or power level. 
However, increasing nitrogen flow rate was found to introduce a negative effect at 600-i, which 
could be attributed to providing lower contact time at high nitrogen rates due to faster flushing 
of the reactor. This was also previously noted in the screening tests series discussed in Section 
7.3.2.2.  
The study of contour plots of response surfaces presented in Figure 7-11 showed that all 
responses exhibited the highest adsorption capacity at “Power”-6 with 3.1 ml/g water rate and 
250 ml/min nitrogen flow rate at all microwave power levels. Based upon these results, the 
water and nitrogen flow rate were kept constant under these conditions (point 6 in the Doehlert 
matrix of Table 7-8) in the next step, to study the effect of dwell time changing from 10 to 120 
minutes. 
Model Term 600-i tests series 1000-i test series
Coeff StdErr t-Stat Prob>t Coeff StdErr t-Stat Prob>t
Intercept 31.1 0.6 51.8930 0.0000 72.0 5.5 13.1860 0.0000
x1 13.2 0.3 38.2340 0.0000 19.4 3.2 6.1618 0.0003
x2 -2.2 0.3 -6.4762 0.0002 1.4 3.2 0.4353 0.6749
x1.x2 -11.0 0.7 -15.9190 0.0000 -4.5 6.3 -0.7102 0.4978
x12 6.7 0.7 9.1086 0.0000 -4.3 6.7 -0.6442 0.5375
x22 3.0 0.7 4.0824 0.0035 14.5 6.7 2.1675 0.0621
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Figure 7-11 The contour plots of (a) Phenol adsorption and (b) Methylene Blue adsorption responses at 400-i 
to 1000-i test series; variation obtained for coded water rate and nitrogen flow      
7.6 The study of the effect of dwell time  
The effect of increasing irradiation time on both physical and chemical activation of char by 
microwaves has been reported by other researchers; usually this was less than 20 minutes, (Foo 
and Hameed (2011,2012), Hejazifar et al. (2011), Huang et al. (2011), Wang et al. (2011), 
Deng et al. (2010) and Liu et al. (2010)). The longest duration of 40 min was used by Li et al. 
(2008b) in the activation of tobacco stems by K2CO3. It was noted that in comparison with 
chemical activation, higher irradiation times (up to ~210 min used by Yang et al. (2010b)) was 
used when physical activation was being undertaken (Hoseinzadeh Hesas et al., 2013). 
Comparing the effect of increasing dwell time upon the physical and chemical activation of 
biomass by microwave heating showed a different pattern for these two activation technique; 
the chemical-microwave activation of char produced from tobacco stems, heating for up to 40 
minutes, resulted in ~95% carbon burn-off (Li et al., 2008b); wood sawdust heated for up to 8 
minutes (Foo and Hameed, 2012c) and mangosteen peel up to 6 minutes gave ~27% carbon 
burn-off (Foo and Hameed, 2012b). These all initially resulted in an increase in the adsorption 
capacity of the samples, but a reduction was noted at higher dwell times. In comparison, a 
progressive increase in the adsorption capacity was reported for the physical activation of 
biomass char by carbon dioxide, resulting in a BET surface area of 412 m2/g achieved after 60 
min irradiation and ~55% carbon burn-off (oil palm stone by Guo and Lua (2000)). Activation 
by steam resulted in an iodine number of 958 mg/g after 30 min irradiation and ~80% carbon 
-1 0 1
-1
-0.5
0
0.5
1
 
 
Water rate
Ni
tro
ge
n f
low
 ra
te
1000W
20
30
40
50
60
70
-1 0 1
-1
-0.5
0
0.5
1
 
 
Ni
tro
ge
n f
low
 ra
te
50
60
70
80
90
100
-1 0 1
-1
-0.5
0
0.5
1
 
 
40
45
50
55
60
65
-1 0 1
-1
-0.5
0
0.5
1
 
 
Water rate
800 W
6
8
10
12
14
-1 0 1
-1
-0.5
0
0.5
1
 
 
Water rate
600W
4
6
8
10
12
14
-1 0 1
-1
-0.5
0
0.5
1
 
 
20
30
40
50
60
-1 0 1
-1
-0.5
0
0.5
1
 
 
Water rate
400 W
1
1.5
2
2.5
3
-1 0 1
-1
-0.5
0
0.5
1
 
 
14
16
18
20
(a) Phenol Adsorption 
(b) Methylene blue adsorption 
Chapter 7 Production of Activated Carbon by Microwave Heating 
 
258 
 
burn-off (Jatropha hull Xin-hui et al. (2011a). The adsorption capacity development of these 
samples was associated with the increase in carbon burn-off and consequently the enhancement 
of the microporous structure of the carbons.  
Considering the range of irradiation times used for physical activation by microwave heating 
and the corresponding results reported in literature, a test series was designed to investigate the 
effect of dwell time on the carbon burn-off and development of adsorption capacity by hazelnut 
shell derived chars. The experiments are listed in Table 7-11 and were designed to investigate 
the effect of irradiation time at different microwave power levels between 400W and 1000W; 
each tests is identified with D-”power”-i where “power“ and “i“ are the microwave power 
level and dwell time, respectively.  
Table 7-11 The investigation of dwell time at different power levels, D-“power”-i tests series
 
 
Using the results from the studies in the previous sections, the particle size, sample weight and 
the reactor rotation rate were kept constant at the values seen in Table 7-11; nitrogen and water 
flow were kept constant at all experiments at 250 ml/min and 3.1 ml/min respectively. These 
conditions were found to produce the highest Phenol adsorption capacity from the multi level 
study of Nitrogen-water flow rate presented in the previous section. The irradiation time was 
varied from 10 to 60 minutes. Two 90 minute runs were carried out at 600W and 800W power 
levels for further investigation of dwell time effect. The tests at longer dwell times were not 
Test title Dwell time
(min)
Power
(W)
Carbon 
burn-off (%)
Total 
yield (%)
Phenol 
adsorption (mg/g)
Fixed 
conditions
D400-10 10 400 7.9 27.6 5.6
Particle size: 
500µm< φ< 
2mm
Sample 
weight: 10g
Reactor 
rotation rate: 
30 rpm
Water rate: 
3.1 ml/min
Nitrogen rate: 
250 ml/min
D400-20 20 400 11.8 26.5 5.0
D400-30 30 400 12.4 26.3 6.2
D400-45 45 400 13.7 25.9 8.6
D400-60 60 400 11.9 26.4 7.8
D600-10 10 600 11.3 26.6 30.9
D600-20 20 600 15.4 25.4 56.2
D600-30 30 600 20.8 23.8 69.9
D600-45 45 600 25.2 22.4 69.6
D600-60 60 600 38.0 18.6 86.7
D600-90 90 600 50.7 14.8 87.5
D800-10 10 800 10.5 26.9 20.3
D800-20 20 800 17.9 24.6 57.0
D800-30 30 800 20.9 23.7 58.3
D800-45 45 800 26.9 21.9 79.6
D800-60 60 800 35.4 19.4 80.3
D800-90 90 800 52.7 14.2 88.2
D1000-10 10 1000 15.7 25.3 49.9
D1000-20 20 1000 27.2 21.8 87.1
D1000-30 30 1000 38.8 18.4 95.4
D1000-40 40 1000 58.7 12.4 104.2
D1000-50 50 1000 86.8 4.6 115.5
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possible at 1000 W due to the higher carbon burn-off rate achieved at this power level. In fact, 
the maximum dwell time had to be reduced to 50 minute for the runs at 1000W as longer dwell 
times resulted in almost complete gasification (burn-out) of the entire sample.  
7.6.1 Results and Discussion 
The study of the effect of dwell time was conducted by investigation of activated carbon yield, 
carbon burn-off and Phenol adsorption capacity of the samples. The carbon burn-off was 
calculated as gram of activated carbon produced per gram of ash-free char or the original 
sample load. The yield of activated carbon was calculated based upon the initial weight of char; 
however, in order to make these results comparable with the results from the conventional 
production method, the total yield of activated carbon was calculated with respect to the weight 
of hazelnut shells originally used before the conventional carbonisation. This was possible 
taking 30.4% char production rate through conventional carbonisation of untreated shells was a 
consistent value.  
To determine the adsorption capacity of the samples, single point Phenol adsorption tests were 
performed following the same procedure as previously described (Section 7.5.4). The results 
from this characterisation of the samples can be seen in Table 7-11 along with the test 
conditions. According to these results, it can be seen that increasing the dwell time resulted in a 
high degree of carbon burn-off, which was up to 87%. This was comparable to the burn-off 
degrees obtained through conventional production method (refer to Table 5-3 in Chapter 5).  
The increase in carbon burn-off and adsorption capacity, with irradiation time and at each 
power level, is shown in Figure 7-12 and Figure 7-13.  
 
Figure 7-12 The rate of increasing carbon burn-off (%) with dwell time at different power levels  
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Figure 7-13 The rate of increasing Phenol adsorption capacity (mg/g) with dwell time at different power levels 
From the data shown in these figures, it can be inferred that longer irradiation times do not 
contribute to the carbon burn-off, nor the Phenol adsorption capacity for samples produced at 
400W. However, both carbon burn-off and Phenol adsorption capacity increased dramatically 
with irradiation time at 1000W. Moreover, it can be seen that the enhancement of the 
adsorption capacity and the carbon burn-off did not occur at a similar rate or pattern. This is 
also the case for the results from the test series carried out at 600W and 800W, which obtained 
results that were very close to one another.  
From the shape of these plots (Figure 7-12 and 7-13), it emerged that the carbon burn-off data 
points at 1000W follow a convex curve, whereas the corresponding adsorption data points 
follow a less steep concave pattern, almost levelling off at higher dwell times especially at 600 
and 800W tests. This pattern implies that the increasing dwell time, although contributed to the 
carbon burn-off, has not contributed to the adsorption capacity at a similar rate. This result can 
be also investigated by plotting the carbon burn-off against Phenol adsorption capacity of 
samples (Figure 7-14). The little contribution of carbon burn-off (especially burn-off >30%) 
can be concluded from the shape of the curves, where a concave curve was obtained from the 
adsorption tests (Figure 7-13).  
Figure 7-14 is an extended form of the plot previously shown in Figure 7-10, by appending the 
data points from the higher degrees of carbon burn-off which were achieved in the D-”power”-
i test series. This figure confirms that the rate of enhancement of the adsorption capacity is at its 
highest within 7.8-30.0% carbon burn-off, after which adsorption still increases but at a much 
lower rate whilst there is a significant decline in the sample yield.  
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Figure 7-14 The relationship between degree of carbon burn-off and Phenol adsorption capacity of “D-power-
i” and “Power-i” test series  
The dashed line in Figure 7-14 represents the single point adsorption capacity obtained for 
F400, which is presented in this plot to provide a reference value for microwave produced 
samples. The sample activated at 1000W for 50 minutes (D1000-50) showed an adsorption 
capacity which was close (87%) to that of commercial F400 carbon.      
7.6.2 Optimisation of power and irradiation time 
7.6.2.1  Model fitting  
Having investigate the effect of dwell time, the step-by-step optimisation of physical activation 
by microwave heating of hazelnut shell chars was achieved at this point through a sequential 
study of: (i) identification of optimised water and nitrogen rate at 3.1 ml/min and 250 ml/min, 
respectively (reported in Section 7.5) and (ii) optimisation of power and irradiation time using 
the data reported in Section 7.6 (summarised in Table 7-11). The optimisation of part (ii) will 
be carried out in this section, following the same rationale as previously employed in the 
optimisation of the conventional production technique.  
It should be noted that variations in the microwave power and dwell time can strongly influence 
the total energy consumption throughout the process. Therefore because these two factors are of 
interest, then a comprehensive optimisation needs to be undertaken in connection with the 
energy consumption as well as the properties of the product. Consequently, two polynomial 
functions were developed here with the purpose of optimising the process; one expressing the 
adsorption capacity of samples produced at D-”power”-i series and the other predicting the 
energy consumption at each run.  
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The models were built using the coded values of two variable factors; power (x1) and dwell 
time (x2). For this purpose, microwave powers between 400W and 1000W and dwell times of 
10 to 90 minutes were coded to a -1 to 1 range, using Equation 5-1 previously presented in 
Section 5.2. The first response to be modelled is the energy consumption. Through the 
characterisation of RotoSYNTH microwave, it was previously established that the power is 
delivered to the sample at a constant level, through a precise control system of this machine 
(see Section 6.3.4). Therefore, using the energy efficiency of the microwave (shown in Figure 
6-8 of Chapter 6) the energy consumption at each run was calculated using:   
!"#$!"! !" = !"#$%!"#$!%&!(!")!×!!""#$%#&%'(!!"#$!(!)!"#$%&'()!!""#$#%&$'                                               Equation 7-1 
Accordingly, the data required for developing the models (including the coded variables), the 
Phenol adsorption capacity and the energy consumption at each run are summarized in Table 7-
12. Using a MATLAB code, the second order regression models were fitted to this data 
following the standard regression techniques as employed for previous models of Chapter 5 
(section 5.5.1.1). 
Table 7-12 The data used to develop models to predict energy consumption and Phenol adsorption of 
microwave produced samples at  D-”power”-i series 
Test title 
Real variables Coded variables  Responses 
U1* 
(min) 
U2 
(W) X1 X2 
Phenol  
Adsorption (mg/g) 
Energy 
Consumption (MJ) 
D400-10 10 400 -1.0 -1.0  5.6 1.55 
D400-20 20 400 -0.8 -1.0  5.0 3.10 
D400-30 30 400 -0.5 -1.0  7.0 4.64 
D400-45 45 400 -0.1 -1.0  8.6 6.19 
D400-60 60 400 0.3 -1.0  7.8 7.74 
D600-10 10 600 -1.0 -0.3  30.9 1.98 
D600-20 20 600 -0.8 -0.3  56.2 3.96 
D600-30 30 600 -0.5 -0.3  69.9 5.94 
D600-45 45 600 -0.1 -0.3  69.6 8.91 
D600-60 60 600 0.3 -0.3  86.7 11.88 
D600-90 90 600 1 -0.3  87.5 17.84 
D800-10 10 800 -1.0 0.3  20.3 2.05 
D800-20 20 800 -0.8 0.3  57.0 4.10 
D800-30 30 800 -0.5 0.3  58.3 6.16 
D800-45 45 800 -0.1 0.3  79.6 9.23 
D800-60 60 800 0.3 0.3  80.3 12.31 
D800-90 90 800 1 0.3  88.2 18.51 
D1000-10 10 1000 -1.0 1.0  49.9 1.75 
D1000-20 20 1000 -0.8 1.0  87.1 3.50 
D1000-30 30 1000 -0.5 1.0  95.4 5.26 
D1000-40 40 1000 -0.3 1.0  104.2 7.01 
D1000-50 50 1000 0.0 1.0  115.5 8.76 
* U1: Dwell time (min ), U2: Power (W), X1: coded dwell time, X2: coded power 
The model developed to predict the energy consumption was initially a second-order full 
quadratic model. However, the statistical analysis of the model showed that the term x12 was 
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insignificant in the model, with t-Stat of over the critical value and prob<t larger than 0.05. 
After elimination of x12, the final model terms and statistical analysis are as tabulated in Table 
7-13. 
Table 7-13 Parameter estimation of energy consumption model, test series D-Power-i 
 
x1: coded dwell time, x2: coded power 
The energy function resulted in a high regression coefficient of R2=0.99, indicative of the good 
ability of the model to predict experimental results (Figure 7-15). However, lower regression 
coefficient (R2=0.87, R2adj=0.82) were achieved for the quadratic model developed to predict 
the Phenol adsorption.  
 
Figure 7-15 The experimental vs. predicted values for energy consumption 
The Phenol adsorption model was found to provide a poor ability to predict the experimental 
data, which was mainly attributed to (i) an absence of data point at 1000W for dwell times of 
over 50 min (due to the risk of complete carbon burn-off, discussed above), (ii) very similar 
results obtained at 600W and 800W test series, as previously seen in Figure 7-12 and Figure 7-
13.  
In order to improve the adsorption model, the data set at all power levels was restricted to the 
runs with up to 60 minutes irradiation time. This resulted in the elimination of the effect of 
Model 
Terms
Energy consumption (Y1)
Coeff StdErr t-Stat Prob<t
intercept 10.2 0.2 52.2016 0.0000
x1 7.6 0.2 35.2990 0.0000
x2 1.0 0.2 4.6429 0.0002
x1.x2 1.1 0.3 3.4493 0.0029
x22 -1.7 0.3 -5.8576 0.0000
Source df SS MS F-test P-value R2 Adj-R2
Regr. 4 516.7 129.2 373.5492 0.0000 0.9880 0.9854
Resid. 18 6.2 0.3
Total 22 522.9
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missing data points at 90 min using 1000W microwave power. In addition, the application of 
models at higher orders was investigated to improve the model’s ability to predict the 
experimental results. This methodology is recommended for a polynomial model with very low 
order, where the model cannot capture the actual trend of the data (Baş and Boyacı, 2007). 
Accordingly, a regression coefficient of close to unity (R2=0.99) was achieved for a third order 
polynomial model as described in Table 7-14.  
Table 7-14 Parameter estimation of Phenol adsorption model, test series D-Power-i 
 
x1: coded dwell time, x2: coded power 
According to the statistical analysis, most of the model terms were significant with Prob<t less 
than 0.05 and t-Stat of over the critical value (this means that for degree of freedom df=Number 
of observations (20) - number of model terms (10) and 0.95 significance level (0.05 two tailed 
probability), the critical t-Stat is 2.228).  This was the case except for the terms !! and !!! and !!!. !!!, implying that being insignificant, these terms could be eliminated from the model. 
Although the elimination of these three terms contributed to the efficiency of the model, it 
reduced the number of the regression coefficients of the model by 2.3%. Moreover, the 
modified model resulted in negative values for adsorption capacities of less than 6 mg/g. 
Therefore it was decided to keep all the terms in the model to predict the Phenol adsorption 
capacity of the microwave produced samples. The ability of the models in prediction of the 
experimental data is compared for both second and third order models in Figure 7-16. 
Noticeable improvement can be seen in the third order model.  
Model Terms Energy consumption (Y2)Coeff StdErr t-Stat Prob<t
intercept 70.8 3.0 23.8373 0.0000
x1 19.1 6.5 2.9519 0.0145
x2 -5.2 6.9 -0.7514 0.4697
x1.x2 12.3 3.3 3.7543 0.0038
x12 -13.3 3.7 -3.6087 0.0048
x22 -11.1 3.4 -3.3105 0.0079
x13 10.2 6.6 1.5476 0.1528
x23 55.0 7.0 7.8961 0.0000
x1.x22 -12.5 5.0 -2.4989 0.0315
x2.x12 -11.2 5.3 -2.1144 0.0606
Source df SS MS F-test P-value R2 Adj-R2
Regr. 7 24604.0 2733.8 77.4632 0.0000 0.9859 0.9731
Resid. 12 352.9 35.3
Total 19 24956.9
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Figure 7-16 The experimental vs. predicted values for Phenol adsorption resulted from (a) second order 
model, (b) third order model 
7.6.2.2 Multi objective optimisation  
The optimisation was initially approached following the same scenarios as used in the 
optimisation of conventional thermal process. This involved:  (i) production of samples with 
acceptable adsorption capacity (e.g. BET surface or liquid phase adsorption), at the highest 
yield and lowest energy consumption and (ii) production of samples within acceptable product 
yield (10-20%), with the highest adsorption capacity and lowest energy consumption.  
However, since the maximum adsorption capacity achieved for microwave activated samples 
was still much lower than a commercially prepared carbon (F400) even at the lowest product 
yield, the optimisation of microwave produced samples was focused on maximizing the 
adsorption capacity at the lowest energy consumption, regardless of product yield. Moreover, 
as previously reported in Table 7-11, the total product yield (calculated based on the initial 
hazelnut shells load) was generally over 10%, except for one run which resulted in 87% carbon 
burn-off (D1000-50). This implied that the conditions set to product yield (>10%) were mainly 
satisfied for the microwave produced samples.   
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Thus, with the exclusion of the product yield from the system model, the final optimisation 
scenario was to optimise the production conditions, i.e. microwave power and dwell time, at the 
lowest level of energy consumed in the process of char activation. The optimisation was 
conducted by using a MATLAB code to produce Pareto curves. Two Pareto curves were 
accordingly produced, one illustrating the maximised adsorption capacity at variable power 
levels and the other showing the highest possible adsorption capacity (based on the liquid phase 
adsorption-phenol) at variable irradiation times (dwell times). The energy curves relating to the 
corresponding experiments were also plotted to facilitate the decision making according to the 
minimum energy consumed for each experiment. 
 
Figure 7-17 The multi-objective optimisation algorithm 
Figure 7-17 illustrates the procedure used to produce the first Pareto curve, showing the 
maximum adsorption capacity at each level of microwave power. Replacing Variable I by 
Variable II in this algorithm will result in the second Pareto curve which shows the maximum 
adsorption capacity at each level of dwell times.  
The first Pareto curve shown in Figure 7-18 indicates the increase of maximum adsorption 
capacity with the microwave power (the black curve). The profile of the maximized adsorption 
capacity, with a broad linear part between 600W and 800W, confirms the similar Phenol 
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adsorption obtained experimentally at these two microwave powers; this trend was not captured 
by the initial second order model. The dwell time of corresponding experiments was 
determined to be 60 minutes at all microwave powers in the Pareto curve, implying that the 
maximum adsorption capacity was achieved at the highest dwell time, for all microwave 
powers.  
Figure 7-18 The Pareto curve, highest adsorption capacity (mg/g) achieved at variable microwave power 
levels and the energy consumed in the corresponding experiments  
The energy curve shows that the total energy consumed throughout the experiments did not 
necessarily increase at higher power levels. Considering that the duration of all selected points 
in the Pareto curve is similar, the reduction in the consumed energy at higher power levels 
(>800 W) was attributed to the higher efficiency of the microwave at these power levels. This 
was previously investigated in Section 6.3.4 through characterisation of the RotoSYNTH. With 
an increased efficiency of 27 to 34% from 800W to 1000W by the RotoSYNTH, the total 
energy consumption within a similar time period was found to decrease by 3.6%, which can be 
also seen in Figure 7-18.  
The second Pareto curve of maximum adsorption capacity achieved at variable irradiation times 
is seen in Figure 7-19. It can be seen that the maximum adsorption capacity at all irradiation 
times was achieved at the highest power level of 1000W. Accordingly, at a fixed microwave 
power of 1000W, the energy consumption associated with the points on the Pareto curve 
progressively increased with time. From this figure it can also be inferred that increasing the 
irradiation time over 45 min did not significantly contribute to the development of adsorption 
capacity; thus increasing the dwell time only resulted in a higher energy consumption.  
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Figure 7-19 The Pareto curve, highest adsorption capacity achieved at variable irradiation time (min) and the 
energy consumed in the corresponding experiments  
As a result from these two curves, it could be collectively concluded that: 
(1) Utilisation of power levels of 800W to 1000W, will contribute to the Phenol 
adsorption capacity of the microwave activated samples. In addition, it will result 
in a reduction of the total energy consumption, due to the higher efficiency of the 
microwave generator at these power levels. 
(2) A maximum irradiation time of 45 minutes is sufficient to produce samples with 
maximum (highest achievable) adsorption capacity and minimum energy 
consumption at 1000W power.  
From the study of the Pareto curves collectively, the optimum condition for the microwave 
activation of hazelnut shell chars was found at 45 minutes of irradiation of 10 g of char at 
1000W microwave power. The rate of water required for activation and nitrogen flow rate was 
found to be optimum at 3.1 and 250 ml/min respectively. The particles size was 500µm< φ< 
2mm and reactor rotation rate was at 30 rpm. The Phenol adsorption capacity of this sample is 
predicted to be 113.7 mg/g, which was found to be very close to that achieved from the 
validation test at this point (115.9 mg/g).   
7.7   Summary and Conclusions 
The production of activated carbon using microwave heating, although with numerous 
complications, was achieved and presented in this chapter. Initially, the effective parameters on 
the microwave activation of hazelnut char were investigated through a set of two level seven-
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factor screening tests. As the degree of carbon burn-off produced in this test series was found to 
be low (<nearly 20%), the results from this study was not used in a general sense but it was 
considered as a qualitative study, providing some general understanding of the process.  
From the analysis of the screening tests, using a lower reactor rotation rate, lower sample 
weight and smaller particle size within the experimental range for these parameters, there was 
observed to be a positive effect on the BET surface area response. These results, in addition to 
the observation of no interaction between these three factors with other parameters, were 
convincing reasons to keep them constant in the next step of the study. Accordingly, the 
particle size was kept at 500µm< φ< 2mm and the sample size was held at 10g from this point 
forward. It is mentioned here that 10 g was a moderate sample size within the selected range, as 
the lowest sample size of 5g could result in complete carbon burn-off in the next steps of the 
study. Through a sub study, the reactor rotation rate was selected to be kept at 30 rpm, to 
provide proper mixing whilst preventing too great an effect from cooling due to rapid mixing.       
Subsequently, a multi level design was used to optimise the two interacting factors; the rate of 
the sweeping gas (nitrogen) and the activating agent (water) at different power levels. 
According to these experiments, it was established that a high water flow rate (3.1 ml/min), in 
the presence of a low nitrogen flow rate (250 ml/min) could produce a higher rate of carbon 
burn-off and consequently, higher adsorption capacity development in the carbons.  
With these factors (water and nitrogen flow rate) also kept constant from this point forward, the 
effect of irradiation time at different power levels was investigated, indicating that increasing 
dwell time constantly contributed to the adsorption capacity. Increasing power level was also 
found to be contributing to the adsorption capacity, although a negligible increase was seen 
from 600 to 800W. The highest level of pore development was achieved at 1000W, increasing 
with irradiation time (dwell time). Moreover, it was noted that due to the higher efficiency of 
the magnetron at 1000W, the total energy consumption at this power level was lower than the 
energy used at 600W and 800W power levels for a similar irradiation time.  
Using the results from the test series with variable power and dwell time, a set of Pareto curves 
were produced to achieve an optimum power level and irradiation time. Keeping other 
parameters constant at the previously stated levels, the optimum power level and irradiation 
time was found correspond to 1000W and 45 min, respectively. It should be noted that although 
Pareto curves usually provide a set of optimum points, finding specific optimised conditions 
were possible here due to the following facts:  
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(I) The optimisation conditions related to the product yield was mainly satisfied over 
the range of variables and thus eliminated from the optimisation procedure. 
(II) It was observed that the maximum adsorption capacity was achieved at the highest 
level of each variable (power or irradiation time), when the other is changing over 
its complete range. However, the Pareto curve showed that increasing dwell time 
from 45 to 60 min will not significantly contribute to the adsorption capacity. 
Therefore, choosing the optimum point was possible based on the least energy 
consumption achieved at shorter irradiation time (45 min instead of 60 min).     
In the next chapter, a comparative study will be carried out on the results from the microwave 
and conventional production of activated carbon. The differences in the pore development 
mechanism and characteristics of carbon produced from these two techniques will be 
investigated through gas phase adsorption, pH, surface chemistry and rate of carbon burn-off. 
The benefits and disadvantages of microwave production technique will be also discussed, in 
comparison with the conventional thermal production method.  
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8. Chapter 8 
A Comparative Analysis of Textural Properties of Microwave 
and Thermal Hazelnut Shell Activated Carbon 
8.1 Introduction 
The conventional technique of thermal heating with physical activation is the most commonly 
used method to produce activated carbon. However, it is associated with some disadvantages 
such as the occurrence of a pronounced thermal gradient from the surface of the material to the 
interior, a long processing time and consequently high energy consumption (Hoseinzadeh 
Hesas et al., 2013, Fernández et al., 2010). In addition to the conventional heating methods, the 
high temperature process of activated carbon production can be also achieved by employing 
alternative heating techniques, more specifically microwave heating (e.g. (Guo and Lua, 2000, 
Xin-hui et al., 2011b, Yang et al., 2010, Zhong et al., 2012)). Owing to its specific 
characteristics, such as volumetric and selective heating, microwave heating could significantly 
contribute to the cost effective production of activated carbons. Moreover, an improvement in 
the quality of activated carbon has been reported with replacing the apparently less efficient 
conventional heating method by microwave heating. For example, in a comparative study by 
Xin-hui et al. (2011b)  a near doubling of the pore volume and surface area was achieved from 
microwave steam-activation of Jatropha hull, compared to the conventionally produced 
samples.  
In the present work, the production of activated carbon from hazelnut shells, as an abundant 
biomass available in large amounts, was investigated using both conventional and microwave 
production technique (MW). A comparative study has been carried out in this chapter using the 
results obtained from both production methods; the study was focused on providing information 
on characteristics, advantages and disadvantages of each production technique. To achieve this 
goal, the general pore development of samples has been compared between the two production 
methods in Section 8.2 of this chapter. In order to provide a detailed comparison study, two 
samples produced with microwave and conventional techniques at similar degrees of carbon 
burn-off were compared for their adsorption capacity, porous structure through liquid and gas 
adsorption and their surface chemistry (Section 8.3). The general observations from comparing 
the two production techniques and related discussions are presented in Section 8.4 and 
suggested further work in Section 8.5.              
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8.2 Comparison of general pore development patterns in microwave 
and conventional production methods 
Recalling the data presented in Chapter 4 and 5, the analysis of the pore development in 
conventionally produced samples was mainly achieved based on the gas phase adsorption tests. 
Therefore, to produce comparable data for microwave produced samples, the gas phase 
adsorption-desorption of selected microwave samples was also carried out. The rational of 
selecting samples, the related results and discussions are presented in the next section.      
8.2.1   Porous structure of microwave produced samples  
Microwave produced samples from the test series “power”-i and D-“power”-i were selected, to 
cover the whole range of carbon burn-off observed which spanned from 5% to 87%. This 
included the samples produced in the screening test series previously analysed in Section 
7.2.4.1. The analysis of the porous structure was carried out following the standard test method 
as described in Section 4.3.2. The total and external surface area obtained from the BET and t-
plot models, micro- and mesopore mean size and the pore volume obtained from HK and BJH 
methods are summarized in Table 8-1and Table 8-2 for microwave samples and commercial 
F400. 
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Table 8-1 Analysis of porous structure of selected microwave produced samples 
 
Test 
title 
Carbon burn-
off (%) 
BET surface 
area (m2/g) 
External surface 
area (m2/g) 
Internal surface 
Area (m2/g) 
Volume adsorbed 
p/p0=0.95 
1000-1 25.8 317 21 296 97.7 
1000-2 29.2 390 44 346 129.1 
1000-3 25.5 378 37 341 122.3 
1000-4 15.4 241 24 217 79.9 
1000-5 20.7 321 45 276 112.2 
1000-6 29.8 389 50 339 132.0 
1000-7 20.3 374 39 335 122.1 
800-1 17.3 308 22 286 96.3 
800-2 20.1 349 32 317 111.2 
800-3 17.4 331 27 304 104.4 
800-4 13.2 269 31 238 91.0 
800-5 15.1 274 32 242 93.95 
800-6 18.8 299 30 269 98.1 
800-7 16.2 281 33 248 96.2 
600-2 15.9 304 28 276 98.7 
600-6 15.4 309 30 279 100.7 
D400-10 7.9 159 33 126 70.9 
D400-60 11.9 76 24 52 38.7 
D600-10 11.3 268 24 244 94.4 
D600-20 15.4 309 30 279 100.7 
D600-60 38.0 437 50 387 143 
D800-10 10.5 251 33 218 95.4 
D800-20 17.9 349 43 306 116.0 
D800-30 20.9 323 43 280 111.2 
D800-45 26.9 385 41 344 124.3 
D800-60 35.4 405 46 359 132.4 
D1000-10 15.7 315 42 273 108.3 
D1000-20 27.2 409 52 357 136.8 
D1000-30 38.8 487 77 410 171.6 
D1000-40 58.7 621 83 538 210.0 
D1000-50 86.8 715 175 540 346.5 
F400  1028 88 939.7 309.5 
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Table 8-2 Analysis of pore volume of selected microwave produced samples 
 
* The mesopore volume is only presented for the samples which showed an isotherm 
Category A or B, with a closed hysteresis loop (as explained in Section 4.4.3.2). 
The BET surface area was calculated mainly between the relative pressures of 0.001 to 0.1 
P/P0. For the samples which showed a sharper knee (e.g. MSCR7 and 12), the linear part of the 
BET curves shifted to lower pressure (0.0005-0.08), which ensured that the P/P0 range included 
point B. The linear part of the film thickness assigned to the t-plot analysis was found, in 
general, to produce the best fit at 0.6-0.9 nm, resulting in a regression coefficient of 0.993-
0.999. The related model parameters can be found in Appendix IV.  
Test No. 
Micropore 
 
Mesopore 
volume 
(ml/g) 
(%) of total 
volume 
Mean pore  
diameter (nm) 
Volume 
(ml/g) 
(%) of total 
volume 
Mean pore  
diameter (nm) 
1000-1 0.127 65.7 0.705  0.044 34.3 9.469 1000-2 0.157 74.3 0.706  0.082 25.7 9.141 1000-3 0.152 73.1 0.697  0.056 26.9 9.489 1000-4 0.096 67.6 0.773  0.046 32.4 8.830 1000-5 0.131 69.3 0.727  0.058 30.7 9.180 1000-6 0.156 63.4 0.713  0.090 36.6 8.969 1000-7 0.151 67.4 0.700  0.073 32.6 9.178 
800-1 0.125 67.9 0.125  0.059 32.1 8.765 
800-2 0.139 70.2 0.139  0.059 29.8 8.426 
800-3 0.129 72.1 0.129  0.050 27.9 8.787 
800-4 0.111 66.1 0.111  0.057 33.9 7.910 
800-5 0.113 65.3 0.113  0.060 34.7 8.034 
800-6 0.122 68.9 0.122  0.055 31.1 8.289 
800-7 0.116 65.2 0.116  0.062 34.8 8.002 
600-2 0.122 70.1 0.122  0.052 29.9 8.412 
600-6 0.126 70.9 0.764  0.052 29.1 8.872 
D400-10 0.059 -* 1.148  - - - 
D400-60 0.027 - 1.185  - - - 
D600-10 0.110 - 0.888  - - - 
D600-20 0.126 70.9 0.764  0.052 29.1 8.872 
D600-60 0.175 67.5 0.702  0.084 32.5 9.036 
D800-10 0.098 - 1.011  - - - 
D800-20 0.139 67.0 0.716  0.068 33.0 9.607 
D800-30 0.131 64.8 0.753  0.071 35.2 8.848 
D800-45 0.153 69.1 0.690  0.068 30.9 9.244 
D800-60 0.161 67.8 0.689  0.076 32.2 9.049 
D1000-10 0.127 65.0 0.752  0.069 35.0 8.959 
D1000-20 0.155 64.4 0.0856  0.086 35.6 9.622 
D1000-30 0.195 61.1 0.711  0.124 38.9 9.146 
D1000-40 0.244 70.1 0.774  0.104 29.9 0.104 
D1000-50 0.291 37.8 0.909  0.478 62.2 8.414 
F400 0.393 80.86   0.093 19.14  
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8.2.2   Comparison of adsorption isotherm classification  
The study of the adsorption-desorption isotherms of microwave produced samples was carried 
out by investigating the isotherms of five samples produced at carbon burn-off of 7.9% (D400-
10) to 86.8% (D1000-50). As seen in Figure 8-1, isotherms are observed from all shapes, 
categorised as A, B and C in Section 4.4.3.2.  
 
Figure 8-1 Adsorption-desorption isotherms of microwave activated sample at five different degrees of carbon 
burn-off (7.9% to 86.8%)  
The evolution of the isotherms from a category C to A was associated with a gradual 
enhancement of the porous structure of the activated carbon, resulting in higher pore volume 
and a wider hysteresis loop. For example, the micropore volume increased from 0.059 to 0.291 
ml/g in sample D400-1 with 7.9% burn off, to sample D1000-50 with 86.8% carbon burn-off. 
From the shape of the hysteresis loop, it could be inferred that that the pore structure of the 
carbons evolved from one containing pores with specific shape which caused nitrogen retention 
(i.e. open hysteresis), to a structure with an open cylinder or slit shaped pores, as would be 
expected for a hysteresis loop of IUPAC classification type H4 (Sing et al., 1985).  
As previously discussed in Section 4.4.3.2, for the conventionally produced samples, a pattern 
was identified between the volume adsorbed at p/p0=0.95 (Vad (p/p0=0.95)) and the shape of the 
isotherm (category A to C). It should be noted that prior to this classification according to 
Vad(p/p0=0.95) , different sample properties were investigated, including the degree of carbon burn-
off, BET surface area and micropore volume, among which a clearer trend was identified 
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between the shape of the isotherm and the maximum volume adsorbed, occurring at p/p0=0.95. 
When searching for a similar pattern in the microwave produced samples, some differences 
were distinguished which will be discussed below.        
It was previously discussed that for the traditionally prepared samples, category A isotherms 
were observed for samples with Vad (p/p0=0.95) > 170 ml/g, category B isotherms for 90< Vad 
(p/p0=0.95) <170 ml/g, and category C isotherms for Vad (p/p0=0.95) <90 ml/g (Section 4.3.3.2). 
Although these boundaries were initially identified according to the screening test series only, 
they could be confirmed here taking all conventionally produced samples into account. 
Accordingly, Figure 8-2 shows all conventionally produced samples, including that from the 
screening (SCR) and multi level design (RSM) test series. In this figure, the tests were sorted 
according to their Vad (p/p0=0.95), from the lowest to the highest, and plotted with different markers 
according to their isotherm type.  
 
Figure 8-2 Conventional production method: Adsorption-desorption isotherm category according to the 
volume adsorbed at p/p0=0.95 
 
 
Plotting the result in the way which is shown in Figure 8-2 helps to locate the critical 
Vad(p/p0=0.95) at which the isotherm shape switches from one to another. A similar plot was 
generated for microwave produced samples and is shown in Figure 8-3.  
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Figure 8-3 Microwave production method: Adsorption-desorption isotherm category according to the volume 
adsorbed at p/p0=0.95 
The comparison of these two figures shows that, although there is still the dependency between 
the Vad(p/p0=0.95) and isotherm shape, less clear boundaries could be identified in the microwave 
produced samples. This is more evident with the changing of the isotherm category from C to B 
at Vad (p/p0=0.95) of about 80-100 ml/g. Moreover, in the case of microwave produced samples, the 
Vad (p/p0=0.95) is nearly 17% lower, for the boundary between isotherm categories A and B. This 
behaviour could be related to the mechanism of pore development during microwave 
activation, implying that the wider hysteresis loop of isotherm category A (directly associated 
with developed mesoporosity (Sing et al., 1985), was achieved at a lower  Vad (p/p0=0.95) (directly 
associated with micropore volume enhancement).   
8.2.3   Assessment of the pore development rate by the two production 
techniques   
The rate of pore development was investigated and compared for the samples produced with 
both conventional and microwave heating techniques. Since the mesopore volume analysis was 
not possible to be determined for the samples with an open hysteresis (isotherm category C – 
discussed in chapter 4.3.3.2), it was decided to use the external surface area as a surrogate 
parameter representative of mesopore volume. As micropores constitute a large portion of 
surface area (~95% of total surface area in activated carbons (Bansal and Goyal, 2005)), BET 
surface area was taken as representative of micropore volume. Accordingly, the plots of Figure 
8-4 and Figure 8-5 show the trend between carbon burn-off and the internal/external surface 
area for both sample series. It can be seen that the number of data points at high carbon burn-
off for microwave produced samples are not as frequent as the conventionally produced 
samples, which was due to the difficulty in achieving very high carbon burn-off under 
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microwave activation (as discussed in Chapter 7) and so care was exercised in the interpretation 
of these plots. 
 
Figure 8-4 BET surface area increasing with carbon burn-off, comparison between microwave and 
conventional production method 
 
Figure 8-5 External surface area increasing with carbon burn-off, comparison between microwave and 
conventional production method 
It was observed that the highest BET surface area for microwave samples was 60% less than 
the highest value obtained from the thermal technique. Similarly, the highest external surface 
area achieved from microwave heating was 49% lower than that from the thermal samples. 
Moreover, from comparison of the microwave produced samples with thermal samples, it was 
deducted that the conventional production method has clearly resulted in a higher rate of 
surface area enhancement (both internal and external) with increasing burn-off (%).  
The line fitted to the external surface area data shows a lower regression coefficient in the case 
of thermal (conventional) samples, this effect was previously disused in Chapter 5 (Section 
5.4.1.1). From the linear regression model fitted to the data in both figures, it could be inferred 
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that the rate of internal surface area enhancement (associated with the slope of the fitted lines) 
is higher than mesopore enhancement with carbon burn-off, in both microwave and thermal 
samples. This is because pore initiation (drilling micropores) occurs more rapidly at the 
activation temperature and it requires lower activation energy compared to pore growth (pore 
widening) (Miura et al., 1975).  
8.2.4 Comparison of energy consumption in the two production 
technique 
One of the most important potential achievements of replacing the traditional conductive 
heating techniques by alternative methods is increasing the energy efficiency of the heating 
process. The alternative heating methods, such as microwave heating, are claimed to heat 
process materials much faster and more efficiently (Fernandez et al., 2011, Clark and Sutton, 
1996). Therefore, in this section, the rate of energy consumption has been calculated and 
compared to enable a comprehensive assessment of microwave against conventional heating 
technique, utilised in the production of activated carbon. The comparative study of the energy 
consumption was carried out based on the qualitative properties of the samples. Accordingly, 
the plots shown in Figures 8-6 were produced to provide information on the rate of energy 
consumption per unit of developed surface area and pore volume.  
 
Figure 8-6 (a-d) compares the energy consumption in both production methods against sample properties 
including surface area and micropore volume.  
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Figure 8-6 (continue) compares the energy consumption in both production methods against sample 
properties including surface area and micropore volume.  
It should be noted that the energy consumption assigned to the microwave produced samples  
accounted for the energy used in the conventional carbonisation of hazelnut shells before 
activation by microwaves. The energy of carbonisation was obtained from the energy model 
which was developed in chapter 5. Accordingly, nearly 12 MJ energy (7MJ for carbonisation 
and 5MJ for one hour retention time) was used for the carbonisation of each batch of hazelnut 
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shells (400g) by the electrical furnace. This is equivalent to 0.1 MJ energy consumed per gram 
of char, which was included in the total energy consumed to produce the microwave activated 
chars. 
The plots of Figure 8-6 show that within the comparable range, microwave production method 
has mainly resulted in lower energy consumption rates. However, in some cases the microwave 
heating resulted in similar or even higher energy consumption compared to the conventional 
method. The investigation of these points (circled) showed that they are mostly related to the 
longest irradiation times at lower microwave powers (400-800). The presence of such points 
signifies the importance of running the microwave at an optimum conditions, implying that 
microwave heating will not necessarily result in energy saving. However, in general the results 
showed that microwave heating at optimum conditions could be more energy efficient to 
produce similar achievable carbon porosity as with conventional method.    
It should be mentioned that the comparative study could be based on various parameters. One 
of the reasonable parameters to be investigated in such comparative study is the energy 
consumed per gram of produced activated carbon. However, this parameter was found to be 
highly dependent on the (used and produced) sample weight. It is reminded that the capacity of 
the reactors in microwave and conventional heating systems were not similar, therefore the 
product yield in the two systems were significantly different in weight. The ratio of “energy/g” 
could be dramatically changed by the amount of produced sample.  This is while the major 
energy consumption during the runs is independent from the amount of sample used. As 
previously shown in Table 5-15 (Chapter 5), only 7.1 % of the total activation energy is used 
for the activation process (including evaporation of water and activation energy). 92.9% of the 
total energy used during the activation is to cover for the heat losses through insulation and 
mechanical operation of the furnace.  
This means that in reality, the total energy used during the process is not significantly changed 
with changing the amount of sample, while any changes in the sample weight can cause 
significant change in the value of “energy/g” of product. Therefore, if the same set of results 
were plotted for energy per gram of product against BET surface area or carbon burn-off, 
higher energy consumption could be obtained in case of microwave activation (Figure 8-7). 
This effect was attributed to the much higher product yield produced in the conventional large 
reactor, which results in lower “energy/g” ratio.   
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       Figure 8-7 Energy consumption to produce 1 g of activated carbon with different (a) BET surface area 
and (b) carbon burn-off 
Therefore, a comparative study on the energy consumption of two completely different systems 
with different capacities and different controlling systems (temperature or power controlled) is 
affected by many factors including the selected compared parameters. However, from these 
results it could be generally inferred that the microwave heating system introduced a significant 
reduction in the process time, and energy if used at adjusted conditions.  
More comparison between the adsorption properties of microwave and thermal samples is 
presented in the next section, where two samples produced at similar carbon burn-off degree 
with microwave and thermal heating techniques are compared in detail for their adsorption 
properties.          
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8.3 A comparative study of two samples produced with conventional 
and microwave heating techniques 
In this section a detailed comparison has been carried out between two samples produced with 
the conventional and microwave production method. The two samples (RSM4-2 and D1000-
50) were the samples produced at the highest degree of carbon burn-off (89% and 87%, 
respectively), resulting in the highest liquid and gas phase adsorption capacity using each 
production method. The proceeding sections have been dedicated to the comparison of the 
liquid phase, gas phase, pore structure and surface chemistry of these two samples.   
8.3.1   Liquid phase adsorption  
Previously, the single point liquid adsorption tests were employed to provide a comparable 
indicator of adsorption capacity for all microwave produced samples. In this section the 
complete isotherms related to the adsorption of Phenol and Methylene Blue were measured for 
sample D1000-50 (microwave heated) to be compared to RSM4-2 (liquid phase adsorption 
isotherms were previously presented in 5.4.2.3 and 5.4.2.4). The adsorption isotherms were 
obtained following the standard procedure of liquid phase adsorption as explained in Section 
5.4.2. The Langmuir model was successfully fitted to the isotherms obtained for both Phenol 
and Methylene Blue adsorption. Accordingly, the model parameters, calculated based on the 
Langmuir formulation (discussed in Section 1.5.2.9), are compared for the two samples in 
Table 8-3. Both samples showed high Methylene Blue adsorption, indicative of developed 
mesoporosity. However, the thermal sample was still a much stronger adsorbent compared to 
the microwave induced sample.     
Table 8-3 The parameters related to Langmuir model fitted to the liquid phase adoption isotherms of thermal 
(RSM4-2) and microwave induced (D1000-50) samples  
Sample Langmuir b Q0 R2 
RSM4-2    
Phenol 0.014 265.1 0.97 
Methylene blue 0.168 769.2 0.99 
D1000-50    
Phenol 0.066 121.9 0.99 
Methylene blue 0.209 322.6 0.99 
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8.3.1.1 Phenol adsorption 
The Phenol adsorption isotherms of the two samples are compared in Figure 8-8. The curves for 
each sample show the experimental points in addition to the Langmuir model fit to the data. It 
can be seen that at a similar degree of carbon burn-off, much higher (2.2 times) Phenol 
adsorption capacity was achieved for the thermally produced sample. The Q0 (mg/g) were 
calculated to be 121.9 and 265.1 for microwave and thermal sample, respectively. 
 
Figure 8-8 The adsorption isotherm for Phenol onto microwave (D1000-50) and thermally (RSM4-2) 
produced activated carbons  
Both isotherms are a Type L, as categorized by Giles et al. (1974). This type of isotherm is 
associated with relatively strong attraction between solute molecules and the carbon surface, 
but weak forces between solute molecules themselves (Giles et al., 1974). However, the 
thermal sample showed a rising adsorption in concentration of over 150ppm, which is referred 
to as an isotherm Type L3 by Giles et al. (1974). The observation of this isotherm type suggests 
the development of a second layer of adsorption due to the attraction between adsorbent and 
solute molecules. This is indicative of the presence of larger pores which can accommodate 
more than one layer of adsorbent molecules. To fully test this hypothesis, further data points 
constructed from a higher starting concentration of adsorbate are required. This observation 
was only noted towards the end of the research and does not change the meaning or outcome of 
the presented data, thus it has not been subjected to further study because it is considered to be 
beyond the scope of the current work. The microwave sample on the other hand, reached a 
plateau at higher concentrations (called a Type L2), which represents reaching the maximum 
monolayer capacity. 
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8.3.1.2 Methylene Blue adsorption  
 
Figure 8-9 The adsorption isotherm of Methylene Blue onto microwave (D1000-50) and thermally (RSM4-2) 
produced activated carbons  
In Figure 8-9, the adsorption isotherms of Methylene Blue related to the same samples are 
displayed. They are similar to the Phenol adsorption pattern, with a much higher adsorption 
capacity being observed for the thermal sample; 769 mg/g for thermal and 322 mg/g for the 
microwave produced sample. Moreover, the thermal sample showed a Type H3 isotherm (Giles 
et al., 1974), indicative of strong adsorption at very low concentrations and multi layer 
adsorption is suggested by the slight upward movement observed for the last point in figure 8-9. 
In contrast, the microwave sample showed a Type L2 isotherm, associated with monolayer 
adsorption and no competition between the adsorbate and solute molecules on occupation of 
carbon active sites.  
8.3.2   Surface chemistry  
The presence of specific functional groups on the surface of the adsorbents is an important 
property known to be influential in their adsorption properties. For example, the formation of 
acidic functional groups reduces the capacity of activated carbons for adsorption of many 
organics. On the other hand, the formation of surface oxides consisting of carbonyl groups 
enhances the adsorption of aromatic molecules such as Phenol (Faust and Aly, 1998). The 
formation of different functional groups and surface chemistry is affected by the type of raw 
materials, type of heat treatment, activation process and post chemical treatments (Hoseinzadeh 
Hesas et al., 2013).  
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Having recognised that the type of heating process is an effective factor on the formation of 
surface functional groups, the surface chemistry of the microwave and thermally produced 
samples was investigated. The commercial carbon F400 was also studied to provide a reference 
comparison to these samples and it was also used to validate the test methodology. The total 
acidity and basicity of these samples was measured using a modified Boehm titration method 
adopted from Wibowo et al. (2007).  
In this method, 0.5g of carbon was added to 50 ml of 0.05M sodium hydroxide and 
hydrochloric acid solutions in 120 ml screw cap glass bottles. The solutions were then mixed in 
a shaker for 24 hours at room temperature. As recommended by Oickle et al. (2010), the 
solutions were then bubbled with nitrogen for 2 hours to remove the dissolved CO2. Afterward, 
the solutions were filtered through 0.45µm cellulose nitrate membrane filter and titrated with 
0.05M HCl or NaOH solutions. Prior to the tests, the solutions were standardized; 0.2g of dried 
potassium hydrogen phthalate (KHP) dissolved in 20 ml of RO water was used to standardize 
the NaOH  solution (Oickle et al., 2010). The HCl solution was standardized using the NaOH 
solution. The titration was monitored using a pH meter and combination electrode (Fisher 
Hydrus model 500).  
The pH of the activated carbon samples were measured following the test method previously 
described in Section 5.3. Finally, as the surface charge was found to be influential in the 
adsorption process, the pH of zero charge (PZC) was measured for these two samples. This test 
was conducted to identify the pH at which the surface of the carbon is free of charge and thus 
non-influential in the adsorption process. The pH of zero charge was measured following the 
pH drift test method previously described in Section 5.3 of Chapter 5.  
The Boehm titration resulted in the detection of negligible amounts of acidic functional groups 
in both samples; the total acidic groups, accounting for the carboxylic, lactonic and Phenolic 
groups (Wibowo et al., 2007), were found to be 0.005 and 0.011 mol/g for the microwave and 
thermally produced carbon, respectively. However, the samples possessed high amount of basic 
functional groups of 1.021 and 0.853 mol/g on the microwave and thermally produced carbons 
respectively. The results from this test was verified by obtaining 0.534 and 0.178 mol/g of basic 
and acidic groups for F400, close to that reported by Wibowo et al. (2007); 0.531 basic and 
0.200 mol/g acidic groups. 
These results showed higher amount of basic groups for microwave produced sample; 
additionally a higher basic pH was obtained for this sample compared to the thermally 
produced sample (pH = 11.5 to 10.7). The application of a microwave heating technique in the 
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production of activated carbon has been reported in the literature and was found to introduce 
basic properties to the sample by removing the oxygenated functionalities from carbon surface 
(Menéndez et al., 1999, Huang et al., 2011, Hoseinzadeh Hesas et al., 2013), thus Confirming 
these results. The formation of basic oxides could be attributed to the oxidation at high 
temperature or when the outgassed surface of carbon comes into contact with oxygen after 
cooling down in an inert atmosphere (Garten et al., 1957, Coughlin and Ezra, 1968).       
 
Figure 8-10 Determination of the point of zero charge (PZC) of F400, microwave and thermal samples using 
pH drift  
The analysis of pH drift for the microwave produced sample, as illustrated in Figure 8-10, 
yielded PZC value of 10.5, 25% higher than the PZC of the thermally produced sample (8.4). 
The high PZC of the microwave sample indicated that the surface of the carbon is negatively 
charged at the range of the solution pH in the liquid phase adsorption tests (6.5 to 7.8). 
Confirming these results, lower acidic functional groups and higher PZC were also reported for 
the microwave produced activated carbon from lotus stalk based char, in a comparative study of 
microwave and conventional production method carried out by Huang et al. (2011).     
8.3.3 Gas phase adsorption  
Through gas phase adsorption tests, the porous structure of the conventional and thermally 
produced samples was compared in this section. The adsorption-desorption isotherms of 
nitrogen at the liquid nitrogen temperature was obtained following the standard procedure as 
described in Section 4.2.3. Both samples showed a typical Type IV isotherm and H4 hysteresis 
loop, as seen in Figure 8-11. It can be seen that at similar degrees of carbon burn-off, the 
thermally produced sample showed nearly 1.8 times higher volume adsorbed at p/p0=0.95. The 
wider knee observed for the thermal sample was indicative of the presence of more mesopores 
and consequently, a wider range of pore size distribution.  
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Figure 8-11 Comparison of adsorption-desorption isotherms of microwave and thermally produced samples 
at close carbon burn-off  
The quantitative analysis of the isotherms, including the BET surface area, external surface area 
(from t-plot), and micropore and mesopore volume (from HK and BJH methods) is compared 
for these two samples in Table 8-4. Additionally, the pore size distribution plots related to these 
two samples are illustrated in Figure 8-12 and Figure 8-13. 
Table 8-4 Analysis of porous structure and surface area of microwave and thermally produced sample at 87% 
carbon burn-off 
   
 Microwave (D1000-50) Thermal (RSM4-2) 
BET Surface area (m2/g) 715 1777 
External surface area (m2/g) 176 282 
Micropore volume (ml/g) 0.291 0.722 
Mean micropore diameter (nm) 0.909 0.919 
Mesopore volume (ml/g) 0.478 0.509 
Mean mesopore diameter (nm) 8.414 6.508 
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Figure 8-12 Micropore volume vs. pore diameter for microwave (D1000-50) and thermally produced (RSM4-
2) sample at 87% and 89% carbon burn-off, respectively  
 
 
Figure 8-13 Mesopore volume vs. pore diameter for microwave (D1000-50) and thermally produced (RSM4-2) 
sample at 87% and 89% carbon burn-off, respectively 
From these analyses, it can be inferred that at a similar degree of carbon burn-off the 
microwave produced sample resulted in lower values of BET and external surface area and 
micro- and mesopore volume. However, according to the micropore volume plot in Figure 8-
12, the microwave sample exhibited a higher pore volume from the pore size of less than nearly 
0.75 nm, in comparison with the thermal sample. Moreover, the higher pore volume can be 
seen for the microwave sample, within the range of 10 to 100 nm in Figure 8-13.  
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These observations are collectively indicating that microwave activation of chars resulted in 
more super fine micropores and meso- and macro pores, resulting in higher mean mesopore 
size of 8.414 nm, almost 1.3 times higher than what was obtained for thermal sample. The SEM 
images of these two samples, also confirm the presence of larger pores in the microwave 
sample as seen in Figure 8-14. In fact, the electron microscope that was used for the microwave 
samples could not provide enough resolution to capture the porosity of the thermal sample; 
therefore an electron microscope of higher resolution was used for the conventionally produced 
samples (Figure 8-14).  
 
Figure 8-14 The SEM images of thermal (a,b,c) and microwave (d,e,f) produced samples 
  
(a) (d) 
(b) (e) 
(c) (f) 
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A clear uniform porous structure was captured at X500-3500 (5 to 50 µm) for the microwave 
activated sample (Figure 8-14(d, e, f)), while no visible porous structure was observed at 
X2400 (10µm) in the case of the conventionally produced sample; only small particles of the 
samples can be seen at this resolution (Figure 8-14 (a)). However, at higher resolutions of 
X33000 (1 µm) and X99000 (200 nm), a clear porous structure can be observed as seen in 
Figure 8-14 (b, c). 
From these images it can be inferred that in addition to pore size, the porous structure of the 
two samples are also different in terms of their shape. The porous structure of microwave 
activated sample showed a uniform, homogeneous matrix of interlocking circular pores; 
whereas, the thermal sample posses a more heterogeneous, open porous structure with thin 
walls. A more uniform porous structure was also reported by Guo and Lua (2000) in the 
microwave activation of oil palm char with CO2. These workers attributed this uniform 
structure to the homogeneity of the reactions in activation of char with microwave heating. 
The uniform honeycomb shape porous structure of microwave activated sample was not limited 
to this specific sample (D1000-50), similar morphology was observed in other microwave 
produced samples for example D1000-10 and D800-60 (1000W, irradiated for 10 min and 800 
W for 60 min) as seen in Figure 8-15.  
 
Figure 8-15 The SEM images of other microwave produced samples: (a) D800-5 and (b) D1000-1 
Although, the porous structure of microwave activated samples was found to be mainly macro- 
and mesoporous, a total surface area of 715 m2/g was achieved at 87% carbon burn-off which is 
not too dissimilar from the surface area of most commonly used adsorbents; 800-1500 m2/g 
Bansal and Goyal (2005). Moreover, the mesopore volume of 0.478 ml/g and the external 
surface area of 176 m2/g are well within (and even over) the range of commonly used 
(a) (b) 
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conventional carbons; 0.1-0.5 ml/g of mesopore volume and 20-100 m2/g surface area (Hu et 
al., 2003, Bansal and Goyal, 2005). 
The macro-mesoporous activated carbon produced through microwave heating can be 
considered unique to this preparation method. Mesoporous adsorbents have been specifically 
produced for applications such as removal of large dye molecules from water (Hu et al., 2003), 
toxic compounds such as chromium (VI) and furfural (Anbia et al., 2010) and bio-chemicals 
(Lee et al., 2004) from aqueous media.  
It is worth mentioning that the production of mesoporous adsorbents in literature is usually 
associated with the use of chemicals such as ZnCl2, K2CO3 and H2SO4 (Hu et al., 2003, Kang et 
al., 2011, Foo and Hameed, 2012c). Mesoporous adsorbents have also been produced by 
impregnation of activated carbon with glucose and glucosamine followed by activation with 
CO2, resulting in a maximum 0.52 ml/g of mesopore volume (Torregrosa-Maciá et al., 1997) 
and modification of activated carbon with calcium catalytic steam activation resulting in a 
mesoporous surface area as high as 1500 m2/g (Leboda et al., 1997).  
Previously, a higher proportion of mesoporosity in activated carbon produced by microwave 
heating was reported in case of chemical activation of lotus stalk-based char, by Huang et al. 
(2011) in a comparative study of microwave and conventional production methods. However, 
the microwave activation of hazelnut shell char in the present work resulted in a high mesopore 
volume, only using water as an activation agent.  
It should be noted that the mesopore volume obtained through microwave production of carbon 
from hazelnut shells was not extremely high, compared to the conventional samples. 
Nevertheless, through the use of optimised production conditions, more efficiency and lower 
cost of production due to shorter heating time could be named as the significant characteristic 
of microwave produced mesoporous adsorbents. For example, from Figure 8-6 (d) it can be 
concluded that in a sample with 0.12 ml/g mesopore volume, 112 to 132 MJ energy has been 
used per unit of mesopore volume (ml/g), whereas this value is only 42 MJ in the case of 
microwave activated sample.  
8.4 Potential causes of the relatively low micro-porosities obtained 
using the microwave system 
In the present work, it was demonstrated that microwave heating could be used to produce 
physically activated carbon from hazelnut shell char. However, the microwave production 
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technique resulted in the manufacture of samples with a lower adsorption capacity and smaller 
pore volume in comparison to the conventionally heated samples, at similar degrees of carbon 
burn-off. The highest BET surface area, 715 m2/g, was achieved at 86.8% burn-off when using 
microwave heating, which was much lower than 1777 m2/g achieved by the conventional 
heating technique for a similar degree of carbon burn-off.  
The lower pore volume achieved by microwave heating could be attributed to the internal 
heating mechanism of microwaves. This characteristic of microwave heating was initially 
considered to be advantageous in the pyrolysis of biomass, since it contributes to the reduction 
of secondary reactions and decomposition of volatiles passing through hotter layers of material 
while pyrolysis occurs (Miura et al., 2004).  
However, it was observed that in the case of steam activation of char, this effect did not appear 
to contribute to the pore development. Indeed, the internal heating of chars during the activation 
process results in the production of a temperature profile which has the coolest region on the 
char surface, implying that the lowest temperature is achieved where the reactions take place 
between steam and carbon. Moreover, the selective heating of microwaves will result in the 
reactor environment to be relatively cooler in comparison to the conventional heating system; 
this being true even in the situation where the internal temperature of sample is similar in both 
heating methods. Therefore, the temperature of the carbon-steam interface is probably always 
lower when microwave heating is employed. This effect may be reactor system specific, but it 
is still a potentially important factor resulting in lower pore development in the microwave 
activated samples.    
In addition to the internal heating of the sample by microwaves, the formation of local hot spots 
and micro-plasmas could have detrimental effects by causing sudden carbon burn-off in 
concentrated areas of the sample. This sudden temperature increase is believed to result mainly 
in uncontrolled carbon burn-off, rather than controlled pore enhancement. In fact, this effect is 
evident on the surface of microwave produced samples, with large layers of carbon removed 
from the surface and visible pores, as can be seen in Figure 8-16.      
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Figure 8-16 (a) Carbon layers visibly removed from microwave activated sample surface, (b) smooth and 
highly microporous sample produced conventionally.     
In the literature, the only comparable work to the current research was carried out by Xin-hui et 
al. (2011b). In a comparative study, these workers used both conventional and microwave 
heating methods in the physical activation (with steam and CO2) of biomass (Jatropha hull). 
The comparison of samples produced at optimised conditions with both methods showed that 
the steam activation of char resulted in similar carbon-steam reaction rate in both techniques. 
This was attributed to the limiting factor of steam diffusion to the active sites of carbon 
affecting the reactivity of carbon with steam. Therefore, a similar yield was achieved for almost 
similar activation conditions in both heating techniques. However, a much higher pore volume 
was achieved in microwave induced activated carbon.  
In their work, a BET surface area of 1350 m2/g was achieved for the microwave activation of 
char for 19 minutes (at 900°C), compared to only 748 m2/g in the case of the conventional 
activation method (22minutes activation time at 900°C). It should be mentioned that in this 
study a temperature controlled microwave device with up to 3KW was used which could 
increase the sample temperature to up to 900°C, which is much higher than what we could 
achieve in our work. Thus, the reactor and system design will have a big effect upon the nature 
of the reactions which can be achieved and the control over these reactions.   
Other comparative studies were found in the literature in which higher adsorption capacities 
were reported for the samples produced by microwave activation compared to the conventional 
technique, although these all employed chemical activation methods. For example, Sun et al. 
(2012) reported a larger micropore volume and BET surface area of 1567 m2/g in microwave 
activation of Arundo donax with H4P2O7, in comparison with the conventional technique (1463 
m2/g BET surface area). In another comparative study of microwave and conventional 
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production of carbon active from lotus stalk with H3PO4, Huang et al. (2011) reported 1434 
m2/g in the case of microwave heating compared to 1220 m2/g for a conventionally heated 
sample.   
Based on a comprehensive search through literature previously summarized in Table 1-5 of 
Chapter 1, two possible reasons could be extracted to explain the lower pore volume and 
surface area achieved with microwave heating in our study. All comparative studies 
collectively showed that better pore development was achieved through: 
(i) Chemical activation, or  
(ii) Physical activation at high temperature (e.g. 900°C) and powers of a few thousand 
watts or in single mode cavities with higher power density. 
From the literature survey, the optimum microwave power for physical activation was reported 
to vary between 750-3000 kW, whereas chemical activation could be achieved at microwave 
powers of 200-900W. Therefore, physical activation at lower microwave powers could not have 
resulted in very high pore volumes. Confirming this theory, the activation of oil palm stone 
with carbon dioxide with microwave at a highest power level of 750W (Guo and Lua, 2000), 
resulted in only 314.5 m2/g BET surface area. The steam activation of coconut shells for 46 
hours with 60 kW microwaves in a pilot scale resulted in 891 m2/g BET surface area, as 
reported by Li et al. (2009). The surface area of 2288m2/g from the physical activation of 
coconut shell char, reported by Yang et al. (2010b), was by the application of a single mode 
microwave with higher power density and temperature control, which could set the final 
activation temperature at 900 °C.  
As a result, from the present work and analysis of the literature, it could be concluded that in 
addition to the parameters such as feed rate for the activating agent and dwell time, the 
production of activated carbon by microwave irradiation is limited by factors such as: the 
temperature control mechanism, magnetron type (single or multimode) and the maximum 
operational power. This could limit the utilisation of this technique in the production of 
activated carbons to specific applications, such as the production of mesoporous materials, or 
material with uniform porous structure.      
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8.5 Summary and conclusions 
The comparative study of the conventional thermal activation technique and the microwave 
heating method used in the production of steam activated carbon from waste hazelnut shells 
collectively showed that the two methods are different in the following aspects:   
• Pore development: it was established that at similar degrees of carbon burn-off, a 
lower pore volume was achieved using the microwave system. This was valid in the 
case of both micro- and meso pore volume. While the rate of micropore development 
with carbon burn-off in microwave heating was much lower than the conventional 
method, mesopore volume was found to be closer and even in some cases comparable 
with that achieved with the conventional method. The lower pore volume could be 
attributed to the lower temperature achieved through microwave heating of samples, a 
cooler carbon-steam interface due to the internal heating mechanism and uncontrolled 
carbon burn-off at hot spots  (Section 8.4).  
 
• Heating rate: compared to the conventional heating technique, microwave heating 
resulted in much higher heating rates. The final temperature was achieved in less than 
5 minutes in all runs; however it should be noted that the maximum temperature 
achieved through microwave heating of all chars was only 440 °C (according to 
measurement of the reactor surface temperature), irrespective of the irradiation time.  
This characteristic could be of great importance when the two step carbonisation-
activation is to be employed, since it could considerably reduce the heating time to the 
final activation temperature. It should be noted that this characteristic could be also 
unfavourable as it results in uncontrollable temperature rise in some cases and 
formation of hotspots.         
 
• Energy consumption and processing time: although no obvious improvement of 
adsorption capacity and pore volume was observed through microwave activation of 
hazelnut shell chars, the method was found to be beneficial in terms of energy 
consumption per gram of carbon and mesopore development. Energy is 
predominantly saved by efficient transfer of energy to the carbon facilitating high 
heating rates and consequently a shorter process time. However, it should be noted 
that better efficiency can be obtained at optimum conditions, as non-optimal 
conditions will not result in any pore enhancement.    
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• Surface chemistry: the microwave induced activated carbon was found to 
show more basic properties compared to the thermally produced samples. The 
study of samples surface chemistry also showed that the microwave heating 
technique resulted in carbons with smaller acidic group functionalities 
compared to the conventional method, also reported by other researchers (Sun 
et al., 2012, Huang et al., 2011).  
 
• Vessel limitations: unlike the conventional heating process, the microwave 
heating system was found to be greatly sensitive to glassware design and 
experimental setup. Moreover, since the technology is still developing 
compared to the well established conventional heating methods, there have 
been difficulties associated with the lack of fundamental data on material 
dielectric properties and material response when heated by microwaves.  
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Chapter 9 
Concluding Discussion, Contribution to Knowledge and 
Future Work 
9.1 Introduction 
Hazelnut shells are a major agricultural by-product. Nearly one million tonnes of hazelnuts are 
produced and subjected to world trade each year (FAOSTAT (2012)). The hazelnut shells, 
generally considered as waste, are incinerated or crushed and used as mulch or other low-value 
products. However, in accordance with the EU waste management hierarchy (Section 1.3), this 
biomass can be efficiently used for in the production of valuable products such as activated 
carbons. 
The industrial production of activated carbon is a highly endothermic process which requires 
the application of high temperatures of up to 900°C. The traditional heating techniques using 
electrical or fossil-fuelled furnaces are mostly energy inefficient, resulting in longer process 
hours and consequently higher rates of CO2 emissions per unit weight of product. The emission 
of CO2 has become an area of major concern in recent decades due to the predicted adverse 
effects which could result from disturbing the climate equilibrium on earth through high 
releases of GHGs.  
There is a steady increase in the total energy used by industry, whilst the normal energy 
efficiency rates within the industry sector are not sufficient to achieve a sustainable society in 
the future. Therefore, a step change in processing methodologies is required. This will include 
the adoption of more efficient heating systems which must result in significant reductions in 
energy consumption and lower emissions in different sectors of industry. In this regard, direct 
heating techniques, such as microwave heating, are claimed to benefit from a precise and fast 
heating system, being cost effective and environmentally friendly due to the more focussed 
application of the energy and consequently lower emissions.  
To achieve this long-term goal, a much better understanding of the production of activated 
carbon from waste hazelnut shells using both traditional and novel heating methods is required. 
This was achieved in a sequential study as discussed throughout the course of this thesis and 
summarized and concluded in the next sections.    
Chapter(9 Concluding discussion, Contribution to Knowledge and Future Work 
 
299 
 
9.2 Overview of methodologies and key results 
9.2.1 Conventional thermal production method 
A comparative study was carried out on the results obtained from both production methods 
(conventional and microwave heating) to provide information on characteristics, advantages 
and disadvantages of each production technique. The first step of the work was focused on a 
comprehensive Response Surface Methodology, used to optimise the conventional production 
of activated carbon from Hazelnut shells in a single step carbonisation and activation with 
steam. The process was optimised in a two-stage study; the screening test and the response 
surface model fitting and finally optimisation. The screening tests were designed and conducted 
to provide information on the effect of all involved factors on the main properties of the 
product, including its gas phase adsorption capacity, product yield and degree of carbon burn-
off.  
Accordingly, the two-level fractional factorial design used in the screening test resulted in the 
identification of dwell time, activation temperature and steam feed rate to be the most 
significant factors in the process. Subsequently, a more detailed study of the effective factors 
was carried out at more than two levels of each factor by using a Doehlert multi level design, 
with activation temperature and dwell time and activating agent (water) feed rate being the 
variable factors. 
Samples produced at this stage were analysed for their gas and liquid phase adsorption. The gas 
phase adsorption tests provided detailed information on the porosity of samples including their 
internal/external surface area and pore volume. The highest BET surface area produced with the 
conventional production method was 1777 m2/g, achieved at 89% carbon burn-off by activating 
carbonised char with 0.67 ml/min water for 4 hours at 900°C (i.e. RSM4-2). It is worth 
mentioning that this high surface area was developed from only 54 m2/g surface area of 
hazelnut shell chars before activation with steam. The micropore volume was increased from 
0.017ml/g in the char to 0.722 ml/g in the sample with the maximum surface area.  
The liquid phase adsorption capacity of samples was measured using Phenol and Methylene 
Blue solutions, representing solutes with two different molecule sizes. The Langmuir model 
was successfully fitted to the adsorption isotherms with the lowest regression coefficient of 
0.96. The highest adsorption capacity was obtained for the sample with the highest BET surface 
area (89% carbon burn-off). This value was measured as 265 mg/g in case of Phenol, and 769 
mg/g for Methylene Blue. It is noted that these adsorption capacities were found to be higher 
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than that obtained for the commercial carbon (F400) which was used a reference adsorbent; 285 
mg/g for Methylene Blue and 204 mg/g for Phenol (also validated with literature).  
Using the data from this test series, two quadratic models were developed to correlate the 
selected variables (activation temperature, dwell time and water flow rate) to the product yield 
and BET surface area of the produced carbons. The models showed good agreement between 
the experimental and predicted values with a regression coefficient of over 0.97. Moreover, a 
model was developed at this point predicting the energy consumption at each test. The data 
produced for this model was obtained from the thermodynamic study of the electrical furnace 
heating system; the calculated energy consumption was also validated by experiment.  
The adsorption, product yields and energy consumption models were subsequently used in a 
multi objective optimisation. The optimisation aimed for the lowest energy consumption, at 
least 1000 m2/g surface area and a minimum of 10% yield. From this study, Pareto solutions 
were produced showing a set of optimised points corresponding to the optimised process 
condition (Figures 5-37 to 5-45). The best operational process conditions could be identified 
from the Pareto curves, based on the higher level operational information such as preferences in 
optimising energy consumption or product yield.  
9.2.2 Microwave production method 
In the next step of the work, the production of activated carbon using two different microwave 
systems was investigated. A modified domestic Panasonic microwave and a commercial lab 
microwave, the Milestone RotoSYNTH, were used. Each system operated at 2.45 GHz, 
enabling highest nominal powers of 850W and 1000W, respectively. Initially the carbonisation 
of hazelnut shells was investigated using each microwave systems. The results showed that 
incomplete carbonisation occurred in all of the experiments, although it was observed that 
increasing the sample weight could significantly increase the degree of carbonisation. This was 
attributed to the isolative effect of surrounding hazelnut shell layers and reducing the cooling 
effect caused by the un-insulated nature of each microwave cavity. Moreover, it was observed 
that proper mixing is required for the carbonisation of hazelnut shells. Therefore, due to the 
lack of a mixing mechanism in the modified Panasonic microwave, this microwave was not 
used from this point forward.    
The highest degree of carbonisation, 77%, was achieved by 20 min irradiation of 100g of 
ground hazelnut shells (500 µm<φ<2 mm) with the RotoSYNTH using 1000W applied power. 
The maximum temperature measure by the infrared sensor at this run was only 200ºC. The 
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radiation time of 20 min was assumed to be sufficient as the temperature of the sample was 
seen to decline to 150ºC after about 10 minutes and the release of volatiles stopped. The 
incomplete carbonisation, as shown by subsequent thermal analysis, indicated that the resulting 
char from microwave carbonisation was not appropriate for further steam activation.  
Based on these results it was decided that a different approach to the production of activated 
carbon by microwave heating, was required. Unlike the thermal method discussed previously, a 
single-step carbonisation/activation process would not be possible.  Therefore, for the 
production of activated carbon using the microwave method the chars would need to be 
prepared using the conventional heating method. This appears to be a common problem as 
many other workers used a similar approach and reported this in the literature (e.g. Li et al. 
(2009), Guo and Lua (2000) and Xin-Hui et al. (2011)).  
The optimisation of the steam activation by microwave was carried out in a similar method to 
that applied for conventional heating, initially starting with a set of screening tests. The 
screening tests showed that among seven operational factors, the particle size, sample weight, 
reactor rotation rate and the microwave power were the most influential factors on the 
developed surface area and carbon burn-off degree during the activation. As these factors did 
not show any interactions with other factors, they could be kept constant at the level which the 
best result was achieved. Accordingly, the particle size of 500µm< φ< 2mm, sample weight of 
10 g and reactor rotation rate of 30 rpm was used for the experiments from this point forward.  
The study of the two interacting factors, water rate and the sweeping (inert) gas flow rate, was 
carried out using a Doehlert multi level design. For this test series, the single point liquid phase 
adsorption of Phenol and Methylene Blue was investigated as the main response. This study of 
the response surfaces contour plots resulted in the identification of the level of these factors at 
which the best results were obtained. Accordingly, it was found that a rather high water rate 
(3.1 ml/min corresponding to coded value of 0.875 in a -1 to 1 range) and low nitrogen rate 
(250 ml/min, corresponding to coded value of -1) resulted in the production of the sample with 
highest adsorption capacity. These conditions provided enough contact time between the steam 
and carbon before evacuation by the nitrogen flow. 
Keeping these two factors constant from this point forward, the effect of irradiation time was 
next investigated at different power levels. The results from this study showed that the 
increasing dwell time could significantly enhance the degree of carbon burn-off. This occurred 
concurrent with the considerable increase in the adsorption capacity of produced samples, 
although at a lower rate. Also, it was also observed the effect of increasing the dwell time was 
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more substantial at the highest power level of 1000W (Figure 7-12). Characterisation of 
samples produced in this test series showed that the highest adsorption capacities in the cases of 
Phenol, Methylene Blue and gas phase adsorption of Nitrogen was achieved with microwave 
activation at 1000W power for 50 minutes, other parameters kept constant at the previously 
mentioned values. The relationship between the single point Phenol adsorption capacity of 
samples with their degree of carbon burn-off was investigated for all microwave heated 
samples. This study (Figure 7-14) showed that increasing carbon burn-off up to 30% 
significantly contributed to the adsorption capacity of the samples. However, the rate of 
increase in the liquid phase adsorption capacity of samples was noticeably reduced between 
30% to 85% carbon burn-off degree.       
The data derived from this study was used to develop polynomial models to predict the 
adsorption capacity of the microwave produced samples, as a function of the variation in 
microwave power and irradiation time. In addition, the energy consumption was calculated for 
each run from the microwave power applied and the related efficiency of the magnetron, 
previously measured through experiment. This data was also employed to develop a polynomial 
model to produce the energy function over the experimental parameters range. Using the energy 
consumption and the adsorption capacity models, an optimisation study was undertaken to 
identify the optimum power and irradiation time.  
The optimisation at this point was mainly focused on maximising the adsorption capacity at the 
minimum energy consumption, as the product yield was already within the satisfactory range of 
10-20%, based on the raw hazelnut shell weight used before the conventional carbonisation. 
The Pareto curves produced in this optimisation showed that the highest adsorption capacity at 
any dwell time was achieved using the highest microwave power level (1000W); similarly, the 
highest adsorption capacity was obtained for the longest dwell time at each microwave power 
level. Although this implied that the highest adsorption capacity would be achieved at the 
highest power and longest dwell time, the insignificant increase (<1%) in the adsorption 
capacity by increasing dwell time from 45 to 60 minutes indicated that there is limiting effect 
occurring and that extended dwell times do not necessarily achieve high adsorption capacities.  
9.3 Comparative analysis of conventional and microwave heated 
steam activation  
The comparison of selected samples produced from the two production methods showed that at 
a similar degree of carbon burn-off, much lower pore volume and internal surface area was 
achieved for the microwave produced samples. The highest BET surface area produced with the 
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conventional production method (1777 m2/g) was nearly 2.5 times larger than the maximum 
BET surface area achieved from the microwave production method (715 m2/g). The highest 
surface area from both production methods was obtained at the highest degree of carbon burn-
off (nearly 87%), although this level of carbon burn-off was achieved in only 50 minutes by 
using microwave heating compared to 4 hours of activation in the conventional electrical 
furnace. Moreover, the adsorption isotherms of Phenol and Methylene Blue from aqueous 
solution, showed that the adsorption capacity of the thermal sample was also much higher than 
the microwave produced sample; 2.2x in the case of Phenol and 2.3x for Methylene Blue.    
In general, the microwave production method was found to be less effective in the production 
of highly microporous carbon. While the rate of micropore development with carbon burn-off 
in microwave heating was much lower than the conventional method, mesopore volume was 
found to be close and even comparable in some cases with that achieved with the conventional 
method (Figure 8-5). Considering that the microwave heating resulted in lower energy 
consumption per unit carbon burn-off, this heating system can be energy efficient in the 
production of mesoporous adsorbents. The energy efficiency could be of great importance 
when a two step carbonisation-activation is to be employed, since it could considerably reduce 
the heating time to the final activation temperature.    
Finally, it is noted that compared to the conventional heating technique, microwave heating was 
found to be much more sensitive to the parameters such as the reactor rotation rate as well as 
the design and location of the glassware.  
9.4  Contribution to knowledge  
• The first part of this work showed the results from a systematic investigation of the 
conventional production of activated carbon from hazelnut shells by steam. This was 
achieved for the first time in a two-stage RSM study. The results from the RSM study 
provided a basic understanding of the process factors and their effects on the 
characteristics of the product.  
• Based on a thermodynamic study of the electrical furnace, the energy consumption 
throughout the conventional production method was modelled and validated with 
experiment. The energy function was utilised in the optimisation of activated carbon 
production for the first time. To date, the optimisation studies in this field have been 
mainly based on the quality and yield of product, not energy.  
• The multi-objective optimisation was employed for the first time in combination with 
the RSM study on the production of activated carbon from biomass. The Pareto curves 
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generated as a result of this optimisation provided optimum production conditions, 
based on various process engineering preferences. 
• The carbonisation/activation of biomass using microwave heating investigated in the 
second part was not a new concept, however it was used for processing hazelnut shells 
for the first time. Investigation of various effects of the parameters and the feasibility of 
hazelnut shell carbonisation with microwaves provided a better understanding of the 
microwave heating mechanism of low loss materials.  
9.5 Key Conclusions 
The comparison of the results from the two production techniques suggested that with the 
microwave steam-activation apparatus used in this work, the adsorption capacity of the 
microwave produced hazelnut activated carbon samples was not comparable with the high 
surface area developed through the conventional thermal activation method. However, the type 
of porosity (shape and size wise) achieved with the microwave heating could be of interest in 
other applications which require that specific structure and pore size. In addition, it was 
established that although lower pore volume was obtained with the microwave heating 
technique, the energy consumption to develop each unit of micro-meso pore volume with this 
method is lower compared to the conventional technique; even if the char activated with 
microwave was produced via conventional thermal carbonisation.  
Through investigation of parameters effect on the microwave process, it was gathered that 
unlike the well-established thermal method, much further work is required to improve the 
production of high surface area activated carbon. The microwave activation study reported the 
unique challenges regarding controlled steam activation of char and the resulting lower surface 
area produced by this method compared to the chemical microwave activation of biomass, 
reported by other researchers. According to the understanding and observations achieved 
through this work, some key recommendations are presented in the next section.  
9.6 Suggestions for future work 
During the course of this research, there were findings which could not be explained and due to 
time and equipment limitations, aspects of the work refined further. Hence some areas do need 
further work. Given that conventional heating techniques have been known and used many 
years and subjected to much study, it is not surprising that further work is mainly required in 
the field of microwave heating. Nevertheless, some extra investigation could be carried out on 
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the conventional production method, including that related to the carbonisation products other 
than char (oils, gases). Accordingly, the following are suggested for further investigations.  
• From the wide range of experiments carried out in this thesis, the highest temperature 
apparently achieved for microwave heated chars was found to be less than 450ºC; 
whereas the literature survey showed that in the physical activation of chars by 
microwave, better porosity could be achieved at high temperatures of about 900°C.  
Therefore, it is recommended to carry out more investigations on the means to control 
the process by temperature and eventually to achieve higher temperatures using this or 
differently designed microwave systems. 
 
• The carbonisation of hazelnut shells, using the commercial microwave system in this 
work was only achieved up to 77% completion. Considering that the most significant 
advantage of using microwave heating was found to be its efficient delivery of energy 
(converting electrical energy to heat in a material), it is important to use this technique 
in all steps of the process. Therefore, it is recommended to investigate the complete 
carbonisation of hazelnut shells by employing methods such as employing various 
types of reactors with larger volume or employ separable microwave receptors to 
achieve complete pyrolysis using the same microwave heating system.   
 
• Alternative microwave systems can be investigated to achieve successful and efficient 
carbonisation of biomass in the absence of microwave receptors. In this regard, the 
application of microwave systems operating at higher power densities, single mode 
microwave cavities, and special designs which enable the pyrolysis of low loss 
materials (e.g.Cosgrove et al. (2013)) such biomass are some of the available options 
which could be subjected to more investigation.         
 
• The design and application of continuous feed microwave heating systems is 
recommended for future studies in the field of biomass thermochemical processes. 
The concept of continuous microwave pyrolysis has been previously validated, for 
example in the case of waste rubber and municipal waste (Athanassiades (2013) and 
Robinson et al. (2010)); the main characteristic of these systems would be lower 
energy consumption than comparable batch systems (Robinson et al., 2010). 
However, the optimisation of the process characteristics must be further studied for 
each specific type of feedstock. Specially, the activation process in such systems is 
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something that has never been done before and could be rather challenging hence is 
worthy of further study.        
 
• Considering the low surface area achieved from the microwave activation of hazelnut 
shell derived chars in our work, the application of chemical activation is suggested for 
study as it may give better pore development. This is suggested based on the high 
surface area reported in the literature for the chemical activation of biomass with 
multimode microwave systems, similar to that used in our work (e.g. Foo and 
Hameed, (2012)). For example, ZnCl2 was successfully used by Aygün et al. (2003) in 
the chemical activation of hazelnut shells. Although other chemicals are also 
recommended to be investigated as ZnCl2 activation is not a commercially viable 
process.  
        
• An important product of the carbonisation of hazelnut shells, as well as other 
carbonaceous biomass, is the pyrolytic oil. The study of the hazelnut shell’s pyrolytic 
oil has been previously done by other researchers (e.g. Demirbas, (2007)). However, 
as the pyrolysis of hazelnut shells is involved with several process factors such as 
temperature, dwell time and heating rate, an optimisation study by Response Surface 
Methodology could be carried out in order to find the optimum process conditions to 
produce the greatest yield or highest calorific value of the bio-oil.  
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Appendix I 
Design and Analysis of Screening Tests 
1. Building and analysis of fractional factorial designs 
To build up a fractional factorial design with k factors, it is initially required to identify those 
which are assumed to be more important (main factors) in the process; this could be according 
to literature or experience. For k-p main factors, the first part of the design matrix is made up of 
a full factorial design built upon k-p main factors. Certain combinations of main factors, 
referred to as generators, are then used to define the level of the other p factors. Therefore in a 
2k-p design, p is the number of generators which are assigned by the type of the selected design.   
For example in a three factor study (k=3, factors: A, B, C) where A and B are considered as the 
main factors, a 23-1 design can be used with k-p=2 being the number of main factors and p=1 the 
number of generators. The design might be constructed from the basic 23 design for the main 
factors, using (+1) or (-1) representing the upper and lower level of each factor (Table 1-left 
side). Using C=+AB as the generator, the fractional factorial design can be then extracted from 
the full factorial design for that part of the matrix where ABC is at (+1).  
This equally means that the fractional factorial design can be generated by building a full 
factorial design over the main factors (A and B), the last column related to factor C can be then 
obtained from multiplying column A by B (C=AB), seen in Table 1- right side. The defining 
relation of such a design is made up of all combinations equal to unity (I), where I is a column 
of all ones. Therefore, for the this particular fractional factorial design the defining relation is 
I=ABC.  
Table 1 Comparison of full and fractional factorial design, effect of generators   
 
 
Full Factorial Design Fractional Factorial Design 
A B C AB AC BC ABC Response A B C(AB) Response 
+1 +1 +1 1 1 1 1 L +1 +1 +1 L 
+1 +1 -1 1 -1 -1 -1 A +1 -1 -1 M 
+1 -1 +1 -1 1 -1 -1 B -1 
-1 
+1 
-1 
-1 
+1 
O 
S +1 -1 -1 -1 -1 1 1 M 
-1 +1 +1 -1 -1 1 -1 C  
-1 +1 -1 -1 1 -1 1 O 
-1 -1 +1 1 -1 -1 1 S 
-1 -1 -1 1 1 1 -1 D 
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Using a fractional factorial design means that instead of conducting experiments at all possible 
combinations of A and B and C (23), only the experiments at which C is defined by AB or 
simply ABC is at (+1) is carried out. Therefore, referring to Table 1, the full factorial design 
with 8 runs shown on the left hand side of the table, can be shortened to the fractional factorial 
design shown in the right hand side. This introduced 50% reduction in the number of required 
runs. 
2. Analysis of response 
Having the screening tests designed and conducted, produced observations (responses) are 
statistically analyzed to identify factors with the highest effect. The calculation of main effect 
estimates and related plots is one method which helps to understand the effect of variable 
factors on the response. The effect estimate of a factor is defined as the average changes caused 
in response by changing the level of that factor. For example for a fractional factorial design, 
schematically shown in Figure 1, the main effect of A can be calculated as the difference 
between the average response of the two points on the right hand side of the square and the two 
on the left hand side and similarly for B and their interaction AB:          
             [!] = ! ! !(!)! !– ! ! !(!)!         Equation 1 
            ![!] = ! ! !(!)! !– ! ! !(!)! !!         
             [!] = ! (!)!(!)! !– ! ! !(!)! !!!   
  Figure 1 The geometric presentation of fractional factorial design of Table 1-right side 
In a more simplified way the effect estimates of each effect can be obtained from the sum of 
observations multiplied by its corresponding column in the design matrix, yielding:   
[A] != ! !!×(! +! − ! − !)                                                                                         Equation 2 [!] != ! !!×(! −! + ! − !)                                                                                          [!] != ! !!×(! −! − ! + !)                                                                                          
where, n is the number of observations. Usually the magnitude and direction of the main effects 
can be used to determine the level of significance of each factor. Obtaining a positive main 
effect for a factor suggests that increasing the value of that factor from the lowest to the highest 
value would result in an increase of the response, whereas a negative main effect means that 
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increasing that factor would result in a decrease in the response. Higher main effects are 
indicative of more effective factors (Myers et al., 2009).  
It is noted that due to the use of generators in the fractional factorial designs, care should be 
taken in interpretation of main estimate effects. For example, the use of fractional factorial 
design with C=AB as a generator implies that the combination of observations which is used for 
main effect (C) is identical to what is used for the interaction of A and B and thus show a 
similar effect estimate, i.e. they are confounded. The knowledge of confounded effects, also 
called aliases, is very important in an experimental design and can be used in the correct 
interpretation of significant effects or interactions. According to their alias structure, fractional 
factorial designs are categorized into different resolution types. A design is of resolution R if no 
p-factor effect is aliased with another effect containing less than R-p factors.  The selection of 
best generators for a design is performed with the objective of achieving the highest possible 
resolution (Myers et al., 2009).  
Another useful technique in the analysis of tests observations (responses) is the Analysis of 
Variances or ANOVA. ANOVA is a commonly used, inferential statistical method to determine 
if there is a linear relationship between the response variable (Y) and the subset of repressor 
variables (X) (Myers et al., 2009). ANOVA can also help to determine the significance of 
independent variables in a regression model. The ANOVA of screening tests is therefore based 
on a linear regression model fitted to the observations. The model has a form of ! = !" + !, 
where Y is a vector of observation, X refers to the matrix consisting of variables (xi) levels (i.e. 
±1 representing the design matrix) plus an additional column of ones to account for the 
intercept term in the model, and finally ε is the error term.  
The analysis of variances is based on the investigation of probability of accepting or rejecting 
the hypothesis of significant contribution of model parameters to the response. Accordingly, the 
appropriate hypotheses for a model with the form of  ! = !! + !!!!!!!! + ε are: 
!!:!!! = !! = ⋯ = !! = 0 
 !!:!!! ≠ 0!for at least one i 
The null hypothesis or H0 represents the assumption that all factors are insignificant. If the null 
hypothesis (H0) is rejected, it means that at least one of the variables significantly contributed to 
the model. The rejection of null hypothesis involves the calculation of f-test and p-value from 
sum of square of regression (SSR) and sum of square of errors (SSE), calculated as: 
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!!! = (!! − !)!!!!! , (!: an average of observations)                                                   Equation 3 !!! = (!! − !!)!!!!!                                                                                                       Equation 4 !!! = !!! − !!!                                                                                                                         Equation 5 
From these values, F0 can be obtained as the ratio of the mean square of regression (MSR) and 
mean square of errors (MSE): 
!! = !"!!"! = !!!/!!!!/(!!!!!)                                                                                                   Equation 6 
where k is the number of variables and n is the number of observations. Alternatively, p-value 
can also be used in determination of model significance. Therefore, if F0 exceeds!!∝,!,!!!!!, or 
p-value for the statistic F0 is less than α (significance level), null hypothesis can be rejected, 
implying that the model is significant (Myers et al., 2009).  
However, the first order modelling of the observation is not the final objective in the study of 
screening tests, as the test series at this stage is only aimed to produce information of factors 
significant to the process and not predicting the experimental values. Therefore, more often the 
separate hypothesis test of each variable is more interesting than identification of the whole 
model significance. In this case, using the hypotheses of !!:!!! = 0 and  !!:!!! ≠ 0 for 
individual factors, multiple analyses of variance can be achieved for testing the effect of each 
particular factor on the mean of vector Y or observations. Accordingly, the F0 over critical value 
and p-value less than α (the significance level) is indicative of a factor with significant effect on 
the response.  
Finally it is stated that the critical value of F0 can be determined from the standard F-
distribution tables at different numerator (dfn) and denominator degree of freedom (ddfn). The 
former (dfn) refers to the degree of freedom related to regression and is obtained from the 
number of coefficients to be estimated in the linear regression. It should be noted that this does 
not include the intercept, thus dfn is actually equal to the number of variables (k). Denominator 
(ddfn) is the error degrees of freedom and is calculated by n-k-1, where n is the number of 
observations and k is the number of variables, as previously mentioned.  
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Appendix II 
The analysis of C/H response from the screening test  
In order to investigate the effect of process factors on the ratio of C/H of the produced samples 
in the screening test series, the ANOVA table and the main effect plots were produced as seen 
below. Both analyses showed that temperature with F0>3.5 and P-Value of less than 5% is the 
only factor affecting the C/H value of samples. It is noted that 3.5 is the critical f-value for this 
test series with (dfn)=7 and (ddfn)= 8.  
Table 2 The ANOVA table related to the C/H response from the screening tests design 
Source SS d.f. MS F0 P-value 
Temperature 1354.2 1 1354.2 28.01 0.001 
Dwell time 7.1 1 7.1 0.15 0.7124 
Water flow rate 2.7 1 2.7 0.06 0.8211 
Heating rate 64.7 1 64.7 1.34 0.2853 
N2 flow rate 0.7 1 0.7 0.01 0.9095 
Rotation rate 7.1 1 7.1 0.15 0.7124 
Sample weight 1.82 1 1.82 0.04 0.8516 
Error 338.4 7 48.4   
Total 1751.0 14    
 
Similarly, the main effect plots show the highest effect of temperature, with the steepest line 
seen in Figure 2. 
Figure 2 The main effect plots related to the C/H response from the screening tests design 
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Appendix III 
Derivation of Equation 5-9 
 
As seen in Figure 1, the whole hazelnut shell weight was assumed to be divided into four 
sections of ash (A), volatiles (V), ash free product yield (p) and carbon burnt off (b).   
 
 
 
 
 
 
igure 3 Dividing the total hazelnut shells weight into several portions 
 !!(!"ℎ!!"##!!"#$%&) = !! + !                                                                                                 (1)"!! !(!"!#$!!ℎ!") = !! + ! + !                                                                                                   (2) !! ! !"ℎ!!"#$%#$ = (0.7!!"!1.1)%                                                                                             (3)                                          "
From the pyrolysis experiments it was established that the total char yield including ash content 
is 30.4% of total hazelnut shell weight:  !!!! !(!ℎ!"!!"#$%!%) = 30.4!%                                                                                                  (4) 
Thus:                                                     !! (!"#$%&#'!!"#$%!%) = 69.6%                                                                                                  (5) !! !"#$%!#&'!!"#$%& + !"ℎ = ! + !                                                                                     (6) !! !"#$%!#&'!!"#$%&!!"#$%!% = !!!!                                                                                      (7) 
Therefore, the carbon burn-off based on the ash free char and ash content of produced activated 
carbon can be expressed as: 
!! !"ℎ!!"#$%#$!!"!!"#$%!#!"!!"#$%&!% = !!                                                                       (8) 
!! !"#$ − !""!% = ! !!!!                                                                                                         (9) 
In order to find the relationship between the two latest parameters, we will use equation (2) to 
write:  
p 
b 
V 
A 
T 
  
336 
! = !! − ! + !                                                                                                                      (10) 
From Equations (6) & (8), (P+A) can be replaced by !!!: 
! = !! − !!!                                                                                                                           (11) 
Considering that (! + !) = !! − !!from Equation (2), the carbon burn-off % (B) can be 
written as:  
! = !!! !!!!!!!                                                                                                                                (12) 
After some simplification: 
! = !!! !!!!!(!! !!!)                                                                                                                              (13) 
Or equally:  
!! = !!!!!!!(!! !!!)                                                                                                                         (14) 
Referring to Figure 1, !!! is the ash content of char, which was obtained to be 2.1% through 
experiment. "
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Appendix IV 
The analysis of gas phase adsorption-desorption isotherms 
Table 3 The parameters related to BET and t-plot analysis, SCR test series (Chapter 4-Table 4-10) 
Sample BET  t-plot Pressure Range  R2 C-value  Range (nm) R2 
SCR 1 0.01-0.1 1.000 490  0.6-0.8 0.995 
SCR 2 0.001-0.1 1.000 23161  0.5-0.7 0.998 
SCR 3 0.001-0.1 1.000 2533  0.5-0.7 0.997 
SCR 4 0.001-0.1 1.000 436  0.5-0.7 0.994 
SCR 5 0.01-0.09 1.000 324  0.5-0.7 0.994 
SCR 6 0.0005-0.08 1.000 6609  0.5-0.7 0.999 
SCR 7 0.001-0.1 1.000 994  0.5-0.7 0.994 
SCR 8 0.001-0.1 1.000 461  0.6-0.8 0.994 
SCR 9 0.001-0.1 1.000 975  0.5-0.7 0.995 
SCR 10 0.0005-0.08 1.000 6693  0.5-0.7 0.999 
SCR 11 0.001-0.1 1.000 3159  0.5-0.7 0.997 
SCR 12 0.001-0.1 1.000 1526  0.5-0.7 0.995 
SCR 13 0.001-0.1 1.000 3705  0.5-0.7 0.998 
SCR 14 0.0005-0.08 1.000 7238  0.5-0.7 0.997 
SCR 15 0.001-0.1 1.000 469  0.6-0.8 0.995 
SCR 16 0.001-0.1 1.000 464  0.6-0.8 0.996 
F400 0.001-0.1 1.000 733  0.6-0.8 0.997 
 
Table 4 The parameters related to BET and t-plot analysis, RSM test series (Chapter 5-Table 5-4) 
Sample BET  t-plot Pressure Range R2 C-  value  Range (nm) R2 
Char 0.05-0.15 1.000 14.69  0.8-0.9 0.999 
RSM1-1 0.0005-0.08 1.000 4530  0.6-0.8 0.994 
RSM1-2 0.0005-0.08 1.000 3959  0.6-0.8 0.996 
RSM1-3 0.0005-0.08 1.000 1209  0.7-0.9 0.995 
RSM1-4 0.0005-0.08 1.000 2068  0.6-0.8 0.998 
RSM1-5 0.0005-0.08 1.000 1030  0.7-0.9 0.994 
RSM1-6 0.0005-0.08 1.000 1452  0.7-0.9 0.994 
RSM1-7 0.0005-0.08 1.000 3435  0.5-0.7 0.997 
RSM2-1 0.0005-0.08 1.000 4560  0.6-0.8 0.998 
RSM2-2 0.001-0.1 1.000 2866  0.6-0.8 0.999 
RSM2-3 0.001-0.1 1.000 2755  0.6-0.8 0.999 
RSM2-4 0.0005-0.08 1.000 5806  0.6-0.8 0.999 
RSM2-5 0.0005-0.08 1.000 6477  0.6-0.8 0.995 
RSM2-6 0.0005-0.08 1.000 5396  0.6-0.8 0.994 
RSM2-7 0.001-0.1 1.000 6304  0.6-0.8 0.998 
RSM3-1 0.001-0.1 1.000 693  0.6-0.8 0.999 
RSM3-2 0.01-0.1 1.000 307  0.6-0.8 0.999 
RSM3-3 0.001-0.1 1.000 858  0.6-0.8 1.000 
RSM3-4 0.001-0.1 1.000 3817  0.6-0.8 1.000 
RSM3-5 0.0005-0.08 1.000 3879  0.6-0.8 0.994 
RSM3-6 0.001-0.1 1.000 6165  0.6-0.8 0.998 
RSM3-7 0.001-0.1 1.000 2356  0.6-0.8 0.999 
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Table 5 (continue) The parameters related to BET and t-plot analysis, RSM test series  
(Chapter 5-Table 5-4) 
 
Sample BET  t-plot 
 Pressure Range R2 C-  value  Pressure Range R2 
RSM4-1 0.001-0.1 1.000 1161  0.6-0.8 0.999 
RSM4-2 0.01-0.1 1.000 201  0.6-0.8 0.996 
RSM4-3 0.01-0.1 1.000 200  0.6-0.8 0.994 
RSM4-4 0.001-0.1 1.000 2013  0.6-0.8 1.000 
RSM4-5 0.0005-0.08 1.000 3879  0.5-0.7 0.994 
RSM4-6 0.001-0.1 1.000 1868  0.6-0.8 0.999 
RSM4-7 0.001-0.1 1.000 1290  0.6-0.8 0.999 
 
 
Table 3 The parameters related to BET and t-plot analysis, MSCR test series (Chapter 8-Table 8-1) 
Sample BET  t-plot Pressure Range  R2 C-value  Range (nm) R2 
MSCR 1 0.05-0.15 1.000 77  0.8-0.9 0.998 
MSCR 2 0.05-0.15 1.000 35  0.8-0.9 0.997 
MSCR 3 0.05-0.15 1.000 68  0.8-0.9 0.998 
MSCR 4 0.05-0.15 1.000 122  0.8-0.9 0.998 
MSCR 5 0.05-0.15 1.000 32  0.8-0.9 0.999 
MSCR 6 0.05-0.15 1.000 47  0.8-0.9 0.998 
MSCR 7 0.0005-0.08 1.000 851  0.8-0.9 0.998 
MSCR 8 0.05-0.15 1.000 46  0.8-0.9 0.998 
MSCR 9 0.05-0.15 1.000 48  0.8-0.9 0.998 
MSCR 10 0.05-0.15 1.000 39  0.8-0.9 0.998 
MSCR 11 0.05-0.15 1.000 239  0.8-0.9 0.999 
MSCR 12 0.0005-0.08 1.000 975  0.8-0.9 0.999 
MSCR 13 0.05-0.15 1.000 36  0.8-0.9 0.998 
MSCR 14 0.05-0.15 1.000 248  0.8-0.9 0.999 
MSCR 15 0.05-0.15 1.000 66  0.8-0.9 0.998 
MSCR 16 0.05-0.15 1.000 41  0.8-0.9 0.998 
 
 
Table 6 The parameters related to BET and t-plot analysis, “Power-i” test series  
(Chapter 8-Table 8-1) 
 
Sample BET  t-plot Pressure Range R2 C- value  Range (nm) R2 
1000-1 0.001-0.1 1.000 4161  0.6-0.8 0.995 
1000-2 0.001-0.1 1.000 4378  0.6-0.8 0.993 
1000-3 0.001-0.1 1.000 7021  0.6-0.8 0.995 
1000-4 0.001-0.1 1.000 1059  0.6-0.8 0.993 
1000-5 0.001-0.1 1.000 2196  0.6-0.8 0.996 
1000-6 0.0005-0.08 1.000 3147  0.6-0.8 0.995 
1000-7 0.001-0.1 1.000 3468  0.6-0.8 0.996 
 
Table 7 (Continue) The parameters related to BET and t-plot analysis, “Power-i” test series 
(Chapter 8-Table 8-1) 
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Sample BET  t-plot Pressure Range R2 C- value  Range (nm) R2 
800-1 0.001-0.1 1.000 1096  0.6-0.8 0.998 
800-2 0.001-0.1 1.000 3899  0.6-0.8 0.995 
800-3 0.001-0.1 1.000 1383  0.6-0.8 0.995 
800-4 0.001-0.1 1.000 568  0.6-0.8 0.994 
800-5 0.001-0.1 1.000 575  0.6-0.8 0.994 
800-6 0.001-0.1 1.000 908  0.6-0.8 0.994 
800-7 0.001-0.1 1.000 635  0.6-0.8 0.994 
600-2 0.0005-0.08 1.000 1007  0.6-0.8 0.995 
600-6 0.0005-0.08 1.000 1209  0.6-0.8 0.995 
 
Table 8 The parameters related to BET and t-plot analysis, “D-power-i” test series  
(Chapter 8-Table 8-1) 
 
Sample BET  t-plot Pressure Range R2 C- value  Range (nm) R2 
D400-10 0.05-0.15 1.000 34  0.8-0.9 0.999 
D400-60 0.05-0.15 1.000 31  0.8-0.9 0.999 
D600-10 0.05-0.15 1.000 250  0.8-0.9 0.998 
D600-20 0.001-0.1 1.000 1066  0.6-0.8 0.995 
D600-60 0.0005-0.08 1.000 3507  0.6-0.8 0.995 
D800-10 0.05-0.15 1.000 86  0.8-0.9 0.997 
D800-20 0.001-0.1 1.000 2353  0.6-0.8 0.997 
D800-30 0.001-0.1 1.000 1190  0.6-0.8 0.996 
D800-45 0.0005-0.08 1.000 3652  0.6-0.8 0.996 
D800-60 0.0005-0.08 1.000 3889  0.6-0.8 0.996 
D1000-10 0.001-0.1 1.000 1248  0.6-0.8 0.996 
D1000-20 0.0005-0.08 1.000 3147  0.6-0.8 0.995 
D1000-30 0.0005-0.08 1.000 2378  0.6-0.8 0.996 
D1000-40 0.0005-0.08 1.000 1291  0.6-0.8 0.995 
D1000-50 0.05-0.15 1.000 106  0.7-0.9 0.997 
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Appendix V 
Theoretical Calculation of Energy Consumption   
The calculation of energy consumption at each run was carried out using a thermodynamic 
approach, looking at all sources of energy usage and energy loss. The schematic diagram of the 
electrical furnace used in the conventional heating process can be seen in Figure 4. The furnace 
box consists of thick layers of insulation material (ceramic fibre), covered with a thin layer of 
metal on top. Heating elements are installed within the insulation walls of main part of the box.  
 
 
 
                                                                 (a) 
 
 
 
 
 
Figure 4 The dimensions of furnace box (a) the main box and (b) the lid 
The calculation of energy consumption throughout the carbonisation and activation of hazelnut 
shells was achieved by dividing all sources of energy consumption into several components. 
Accordingly, the energy consumption were calculated as follows:  
(1) Heating furnace elements  
Heating the furnace element up to a desired temperature uses an amount of energy calculated as = !.!!.∆! , with m being the weight of elements, Cp the specific heat capacity and ∆! total 
temperature increase. m was calculated from measurements of the furnace elements length and 
its weight per 10 cm (experimentally measured). The specific heat capacity of elements, 
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changing with temperature, had to be obtained up to the final temperature. As there was no 
accurate technical information on the type and material used in the elements, the specific heat 
of a common heating element form a furnace manufacturer company (KANTHAL, Sandvik 
Materials Technology) was used for these heat calculations. The specific heat of elements 
changes with temperature as seen in Table 9. For the final energy consumed to heat up the 
element at 10°C intervals, the value of Cp was estimated by interpolation between the 
temperatures presented in the table.   
Table 9 Specific heat capacity related to ferritic iron-chromium-aluminium alloy elements (KANTHAL, 2012) 
Temperature (C) 20 200 400 600 800 1000 1200 
Specific heat (kJ/Kg.K) 0.48 0.56 0.64 0.71 0.67 0.69 0.7 
 
(2) Heating the quartz reactor 
A similar heat equation to what was used for the element heating was used for heating the 
quartz reactor. m in here was the weight of that part of the reactor which locates inside the 
furnace box, and assigned to be 89% of the total reactor weight as measured at each experiment 
(Figure 2). The specific heat value of quartz was obtained from Hemingway (1987) changing 
between 742.1 and 1167.5 J/Kg.K within the range of temperatures between15 to 927 °C.  
 
 
 
 
 
 
 
Figure 5 89% of reactor weight is placed inside the furnace and thus heated up to desired temperature 
(3) Energy of carbonisation  
The energy consumed to heat and carbonise the hazelnut shells was calculated from the DSC 
curves produced by the Thermogravimetry Analysis of raw materials. The DSC curve provides 
data on the rate of energy (power in Watts) consumed or produced throughout the carbonisation 
of small amount of hazelnut shells under an inert flow of nitrogen gas (Figure 6). The specific 
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heat (W/g) of sample, being a function of temperature, can be measured as the heat per unit 
weight of hazelnut shells.  
It should be noted that the heat values obtained from DSC curve should be used in the energy 
calculations with opposite signs, as these curves are showing the heat received or produced by 
the machine and not the sample. This means that according to the DSC curve shown in Figure 
3, between 20 to 360ºC and over 630ºC energy was consumed, whereas some heat was 
produced between 360 to 630ºC, as previously explained in Chapter III.  
 
Figure 6 The heat flow related to thermal analysis of approximately 10 mg of hazelnut shells   
Accordingly, the rate of energy used for a known amount of hazelnut shells, going through the 
same thermal events under nitrogen flow, could be obtained by multiplying the specific heat by 
sample weight at each temperature. Total energy (KJ) was then calculated by multiplying the 
energy rate (power) by time intervals. With this approach, the total carbonisation energy was 
calculated up to the final carbonisation temperature (750 to 900°C) for each run.  
(4) Energy of activation  
The basic reaction of carbon with steam takes place as a combination of following set of 
reactions (Walker et al., 1959).  
C+H2O          CO+H2       ΔH=+130.28 KJ/mol 
CO+H2O       CO2+H2      ΔH=-40.37 KJ/mol 
C+CO2                2CO            ΔH=+170.66 KJ/mol 
C+2H2           CH4                   ΔH=-74.76 KJ/mol 
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Consequently, for the calculation of total char activation energy the total enthalpy of 185.81 
KJ/mol was considered from adding the enthalpy of all reactions. From the burn-off percentage, 
the activation energy was calculated for the moles of carbon burnt off at each experiment.   
(5) Heating and evaporating water  
The energy required to heat and evaporate water, in addition to heating the steam up to the 
furnace temperature should also be calculated as a part of energy consumption during activation 
step. These calculations were carried out in three steps; initially increasing temperature from 20 
to 100°C, where water was considered to be in liquid phase; the specific heat, changing with 
temperature, was used in ! = !.!!.∆! for the energy required to heat water by 80°C. 
Secondly, water vaporization with the enthalpy of 40.657KJ/mol (Marsh, 1987) and finally 
heating steam from 100°C up to the temperature at the outlet. It was assumed that the volatiles 
reached a temperature of 600°C before leaving the reactor. This assumption was based on 
temperature estimation using a thermocouple at the reactor outlet. The specific heat capacity of 
steam, changing with temperature, was used in ! = !.!!.∆! for calculation of energy 
required to heat steam by 500°C.      
Table 10 The specific heat and density of water (<100°C) and steam (>100°C) with temperature (The 
Engineering Tool Box, 2012) 
Temp ( °C) Water Cp (J/Kg.C) Ro (Kg/m3) Temp ( °C) Water Cp (J/Kg.C) Ro (Kg/m3) 
20 4182 998.2 127 2014 0.5542 
25 4178 997.1 177 1980 0.4902 
30 4176 995.7 227 1985 0.4405 
35 4175 994.1 277 1997 0.4005 
40 4175 992.2 327 2026 0.3652 
45 4176 990.2 377 2056 0.338 
50 4178 988.1 427 2085 0.314 
75 4190 974.9 477 2119 0.2931 
100 4211 958.4 527 2152 0.2739 
107 2060 0.5863 577 2186 0.2579 
(6) Heating furnace atmosphere (air)  
Some energy was assumed to be used for heating the air inside furnace cavity. The volume of 
air was calculated from the volume of quartz reactor and arms deducted from total volume of 
furnace cavity. Similar to previous sections the heat equation ! = !.!!.∆! was used for the 
energy calculations. m was obtained from the density of air, changing with temperature, as seen 
in Table3. The value of specific heat of air up to 1000 K was used form the work published by 
(Hilsenrath, 1955). The Cp value at higher temperatures were calculated from the equation 
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suggested by (Kyle, 1999). The density of air changing with temperature was calculated from 
the following equation for density of moist air (Brutsaert, 1934):  
! = !!!.!×[1 − !.!"#!!! ]                                                                                                 Equation 1 
Where D is the density (kg/m3), P is the total pressure in Pascal, Pv is the pressure of water 
vapour, T is temperature (k) and Rd is the gas constant for dry air (=287.05 J/Kg.K). The 
equation can be shortened to a form of  ! = !!!.! as the air is assumed to be completely dry. 
Table 11 The specific heat of air changing with temperature 
 Temperature (K) Specific Heat (J/Kg.K)  Temperature (K) Specific Heat (J/Kg.K) 
300 1005 750 1087 
350 1008 800 1099 
400 1013 900 1121 
450 1020 1000 1142 
500 1029 1100 1155 
550 1040 1200 1173 
600 1051 1300 1190 
650 1063 1400 1204 
700 1075 1500 1216 
(7) Heating the sweeping gas (Nitrogen)  
The nitrogen gas is at room temperature before entering the reactor. Some energy was assumed 
to be used in heating nitrogen while travelling through the reactor. It was assumed that the 
temperature of volatiles leaving the reactor, including the nitrogen, is at 600°C. For the 
calculation of energy consumed to heat up the nitrogen, the specific heat and density of 
nitrogen was required at different temperatures. By implementing this information (as seen in 
Table 4) in ! = !.!!.∆! the energy used to raise the temperature was calculated in two steps: 
(i) while ramping from ambient temperature to the final activation temperature, and (ii) during 
the dwell time.  
Table 12 The specific heat of air changing with temperature (Little and Neel, 1962) 
Temp ( °K) Water Cp (J/Kg."°K) R/Ro* (Kg/m3) 
300 1.04 0.910 
400 1.044 0.682 
500 1.056 0.545 
600 1.075 0.454 
700 1.098 0.389 
800 1.122 0.341 
900 1.146 0.303 
1000 1.167 0.273 
1100 1.187 0.248 
1200 1.204 0.227 
* R0 is the density at 0°C and 1 atm pressure 
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(8) Heat loss through insulation  
A large proportion of the energy consumed in the electrical furnace is lost through the walls. 
The energy loss through walls occurs through three different heat transfer mechanism: 
conduction, convection and radiation. It was assumed that heat was transferred through the 
insulation towards the metal cover by conduction and from the cover through convection and 
radiation to the ambient atmosphere. It was assumed that the temperature on the inside walls of 
insulation is at the desired process temperature; the external surface of the insulation walls and 
the steel cover was assumed to be at similar temperature. The transfer mechanism through this 
system can be resembled to electrical resistances in a circuit; accordingly conduction through 
insulation can be considered as a series with parallel convection-radiation from the cover 
subsequently (Kreith et al., 2011). This simplification is illustrated in Figure 7.  
 
 
 
 
Figure 7 simulation of the heat transfer mechanism with an electrical circuit 
The total thermal resistance can be calculated for the insulation as R1=L/A.K, where L is the 
insulation thickness, A is the surface area of insulation plate and K is the thermal conductivity 
of insulation. Since metals are good conductors, the thermal resistivity of the metal cover was 
considered negligible here; thus the temperature at the inside and outside of the metal cover 
was assumed to be similar. The thermal conductivity of the insulation walls (ceramic fibber) 
was obtained from a producer factory website Promat, UK at different temperatures of up to 
1200°C. The heat flux through insulation walls can be expressed as: 
!! = (!!!!!)!!                                                                                                                        Equation 2 
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Table 13 Thermal conductivity of soft vacuum ceramic fibre (Promat, 2012) 
Temperature (C) 200 400 600 800 1000 1200 
Specific heat (kJ/Kg.K) 0.07 0.09 0.12 0.17 0.21 0.30 
The thermal resistance associated with the convection and radiation from the metal surface to 
the air is expressed as: R2=1/(hc.A) and R3=1/(hr..A), where A is the heat transfer area, hc 
convection heat transfer coefficient and hr is the radiation heat transfer coefficient. 
Determination of hc in a natural convection system is correlated to a non-dimensional parameter 
called Nusselt number. The empirical equation of Nusselt number is different for vertical and 
horizontal plates and can be summarized as follows:  
                  Vertical plate:           !"! = !0.555(!")!/!!!!"#!!10! ≲ !" ≲ 10!"
                                                   !"! = !0.021(!")!.!!!!"#!!10! ≲ !" ≲ 10!""
                 Horizontal plate:       !"! = !0.54(!")!/!!!!"#!!10! ≲ !" ≲ 10!"
                                                   !"! = !0.15(!")!/!!!!"#!!10! ≲ !" ≲ 10!""
In which Ra is the Rayleigh number and can be obtained from !" = !.!! .∆!. !!.!", where g is 
the standard gravity, ! is the temperature film thickness, ! is the viscosity of air, ∆! is the 
difference between hot plate and the ambient temperature, Pr is the Prandtl number of air (0.71) 
and L is the length of the plate in a vertical plate, and for horizontal plate is the surface area 
divided by perimeter of the plate. The information required for these calculation were obtained 
from the tables presented in the appendix of “Principles of Heat Transfer” book by (Kreith et 
al., 2011).  
The hr related to the metal cover can be calculated from the following equation: 
ℎ! = !" (!!!!!!!)!!!!!                                                                                                                 Equation 3 
in which ε is the emissivity, ! = 5.6×10! , !! and !! are the temperature of the hot plate and 
the ambient temperature, respectively. The emissivity of the metal cover was obtained from the 
reference tables gathered by (Kreith et al., 2011). The total heat flux from the parallel 
convection and radiation from metal cover can be obtained to be:  
!! = ℎ.!. (!! − !!)                                                                                                         Equation 4 ℎ = ℎ! + ℎ!                                                                                                                      Equation 5 
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According to the conservation of energy, the heat flux transferred through the metal cover and 
the insulation must be equal; thus from q1=q2 the unknown temperature between at the metal 
cover (T2) can be calculated. Now it should be reminded that T2 was required in the calculation 
of thermal resistance of the insulation and the metal cover. Therefore, an implicit iterative 
solution was employed for identification of T2, to reduce the difference of the calculate 
temperature and the assumed value to be less than 5%. Having T2, the heat loss (q) through 
insulation and the metal cover can be easily calculated at each temperature. The dimensional 
analysis of the flux showed that q is in watts, thus the total heat loss was calculated in time 
intervals with increasing temperature and during the dwell time.  
(9) Heat stored in insulation  
A large proportion of the energy consumed to heat up the electrical furnace, is stored in the 
insulation walls. This energy could be calculated using the temperature profile within the 
insulation walls. The temperature profile was obtained from the Fourier’s law, which is an 
empirical relation between the conduction rate and temperature gradient in the direction of 
energy flow. The general form of Fourier’s law can be expressed in the form of Equation 6: 
 
!! !!!!!! + !! = !"!"                                Equation 6 
 
 
Where k is the thermal conductivity and ! represents any internal heat consumption or 
generation. In the steady state we have !"!" = 0; ! is also zero as there is no source of heat 
production or consumption. Therefore, by integration the simplified equation (!!!!!! = 0) for two 
times, the temperature profile could be obtained in a linear form of:  
! = !!!! + !!!!                                                                                                                 Equation 7"
Accordingly, the energy stored in an element of the wall at the distance of x from inside wall 
can be calculated from the derivative form of ! = !.!!.∆!: 
 !" = !".!! ! . (!!!!" − !!!!")                                                                                 Equation 8 
dx 
T1 T2 
x 
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Integrating this equation over the length of insulation walls separately, the total energy stored in 
the walls was obtained numerically.   
(10) Heat loss through furnace openings 
Heat could escape the furnace box through two small openings, where reactor arms are placed. 
The heat loss through openings occurs by direct radiation, depending on the thickness of the 
furnace walls and the shape of openings. A useful equation was proposed by the Handy Manual 
of Iron and Steel industry (UNIDO, 1992) for the calculation of heat loss through an opening: 
!!(!"#$!! ) = 4.88( !!"")!. !.!.!                                                                                         Equation 8 
Where T is absolute temperature (°K), a: a factor for total radiation, A: area of opening and H: 
time (hr). Based on the opening shape, the factor for total radiation can be obtained from the 
curves of Figure 8. Having all parameters in the Equation 8, the total energy lost through two 
openings was calculated over the course of each experiment.  
 
 
Figure 8 Factor for determining the equivalent of heat release from openings to the quantity of radiant heat 
from perfect black body (UNIDO, 1992) 
(11) Energy used to rotate the reactor 
Finally, the final proportion of the total energy consumption is used to rotate the reactor 
throughout the experiments. The energy required to rotate the reactor was calculated from the 
nominal power of a small electric motor installed on the furnace for this job. Eventually, the 
total energy consumption during each run was calculated as the sum of all this energy 
consumption sources.  
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